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PRESENT STATUS O F  PROCESSES FOR GASIFICATION O F  PETROLEUM 

Henry  R. Linden 

Inst i tute  of Gas  Technology 
Chicago, I l l inois 6061 6 

INTRODUCTION 

Gasif icat ion of p e t r o l e u m  f rac t ions ,  ranging f r o m  liquefied petroleum gaseF 
through the h ighes t  boi1in.g Bunker "C" fuel  o i l s ,  i s -  pract iced throughout the world 
for  the purpose of producing bas ica l ly  two c l a s s e s  of fuel  g a s e s :  'town gases of ap 
proximately 450 to  550 Btu /SCF g r o s s  heat ing va lue ,  and high-Btu 'gases  with heat-  
ing values ranging f r o m  900 to 1100 Btu/SCF.  The  lower heat ing value town gases  
a r e  used in  a r e a s  in  which fue l  gas  dis t r ibut ion and utilization still follow the p r a c  
t ices  of the manufac tured  gas e r a  during which c o a l  was used a s  the bas ic  raw m a -  
t e r i a l .  They a r e  c h a r a c t e r i z e d  by a relat ively high hydrogen and carbon monoxide 
content ,  and a high burning velocity.  In th is  way,  they s imulate  the propert ies  of 
the dominant s o u r c e  of gas supply - coal  r e t o r t ,  coke oven and water  gas.  The hig; 
Btu gases  a r e  produced in  a r e a s  which have converted to  na tura l  gas  a s  the p r i m e  
s o u r c e  of supply a n d ,  t h e r e f o r e ,  they a t tempt  to  s imula te ,  as c lose ly  as  possible,  t.: 
p roper t ies  of m e t h a n e  - the m a j o r  const i tuent  of n a t u r a l  gas .  

The United S ta tes  i s  typical  of an a r e a  in which>essentially a l l  of the gas  sur 
ply is na tura l  gas  and the only significant amount  of gas  manufactured is to m e e t  
peak demands.  The dominant  s o u r c e  of t h e s e  gases  i s  liquefied pe t ro leum gas mix, 
with - a i r  to reduce  its heat ing value,  with m u c h  l e s s e r  amounts  of high heating valu$ 
gas  produced by  v a r i o u s  pe t ro leum oi l  gasification p r o c e s s e s  and only a negligible, 
amount  der ived f r o m  coal.  Much of Europe  and p a r t s  of J a p a n  and Austral ia  a r e  in 
an  in te rmedia te  s tage .  H e r e ,  . substant ia l  amounts  of na tura l  gas  a r e  becoming a v a i  
a b l e ,  but g a s  i s  s t i l l  l a r g e l y  der ived f r o m  coal-based p r o c e s s e s  and most  of the gas.  
dis t r ibut ion and ut i l izat ion equipment  is for  low heating value manufactured gas .  

K E Y  PROPERTIES O F  PETROLEUM FEEDSTOCKS 

The p r o p e r t i e s  'of pe t ro leum feedstocks for the var ious gasification proc-  
e s s e s  cover a wide r a n g e  s o  that  feedstock select ion to  give opt imum resul ts  is a n  
important  cons idera t ion .  The  feedstock c h a r a c t e r i s t i c  of p r i m a r y  importance i s  tha 
carbon to hydrogen r a t i o ,  normal ly  e x p r e s s e d  in t e r m s  of the weight ra t io .  This i s ,  
a useful  p a r a m e t e r  f o r  c o r r e l a t i n g  key proper t ies  of petroleum hydrocarbons.  The 
C / H  weight r a t i o  was  f i r s t  specif ical ly  applied to the select ion of feedstocks for gas 
making p r o c e s s e s  - p r i m a r i l y  pyrolysis  and hydrogenolysis - in publications f r o m  
the Insti tute of Gas Technology,  and is now in genera l  use throughout the world f o r  
charac te r iza t ion  of p e t r o l e u m  feedstocks for  all types of gas  making processes .  
p a r t  of the work a t  the Inst i tute  of G a s  Technology, s imple means were  developed 
for  es t imat ing  the C / H  weight r a t i o  f r o m  physical  p roper t ies  such  a s  API  gravity 
and average  boiling point ,  A P l  grav i ty  and viscosi ty ,  and API gravi ty ,  anil ine point 
and average  boiling point.  The lower  the C / H  r a t i o ,  the g r e a t e r  i t s  value for gas 
making. The r e a s o n  for this is that  fuel  g a s e s  general ly  contain a relat ively low 
ra t io  of bound c a r b o n  to  f r e e  and hound hydrogen,  compared  to the C /H rat ios  of 
c o m m e r c i a l  pe t ro leum products .  
i t  is n e c e s s a r y  to use  one o r  a combination of the following p r o c e s s e s :  

AS 
f' 

\ I  

, 

T h u s ,  to conver t  pe t ro leum hydrocarbons to g a s ,  

1) El iminat ion o f  e x c e s s  carbon in the f o r m  of coke,  lampblack and high c a r -  
bon content l iquid products  ( a r o m a t i c s ) .  
t empera ture  t h e r m a l  cracking (pyro lys i s )  p r o c e s s e s .  

Destruct ive hydrogenat ion to conver t  excess  carbon to low molecular  weight 
paraffins and olef ins .  This  i s  the pr inciple  used in hydrogenolysis processes  

This i s  the pr inciple  used in high- 

I 
2 )  
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3) Oxidation of e x c e s s  carbon to carbon monoxide and dioxide,  e i t h e r  by de-  

composi t ion of s t e a m  a t  high tempera tures  o r  by p a r t i a l  oxidation with 
f r e e  oxygen. 
o r  s t e a m - a i r  mix tures  and a ca ta lys t ,  o r  oxygen without a ca ta lys t .  

The  g r e a t e r  the e x c e s s  of carbon over  hydrogen,  the m o r e  difficult  gasif i -  

This  pr inciple  i s  used in a var ie ty  of p r o c e s s e s  using s team 

cation becomes .  
( C / H =  3 ) ,  is  a l r e a d y  a gas  and a l s o  the hydrocarbon m o s t  readi ly  converted ( r e -  
formed)  to other  g a s e s ,  s u c h  a s  mixtures  of carbon monoxide and hydrogen. 
pane and butane ( C / H = 4 . 5  and 4 . 8 ,  respect ively)  a r e  a l s o  g a s e s  a t  n o r m a l  t e m p e r a -  
ture  and p r e s s u r e  and a r e  excel lent  feedstocks f o r  re forming  to f u e l  g a s e s  of lower 
heating value.  Near  the end of the sca le  a r e  low-grade res idua l  f u e l  oils  which have 
C/H weight ra t ios  a s  high a s  10 and which a r e ,  t h e r e f o r e ,  not  d e s i r a b l e  feedstocks.  
The effect  of C / H  ra t io  on gasification yields is  g r e a t e s t  in p y r o l y s i s ,  l e s s  in hydro-  
genolysis and gasification with s t e a m  o r  s t e a m - a i r  m i x t u r e s ,  and of l e a s t  e f fec t  in 
par t ia l  oxidation, but it i s  s t i l l  impor tan t  in  a l l  these gasification p r o c e s s e s .  

T h u s ,  methane ,  the hydrocarbon with the lowest  C /H weight ra t io  

P r o -  

Another feedstock p r o p e r t y  of g r e a t  impor tance  in gasif icat ion i s  the coke 
forming  tendency. This i s ,  of c o u r s e ,  indirect ly  re la ted  to C / H  weight  r a t i o  but 
m q r e  d i rec t ly  dependent on the boiling range o r  the equivalent molecular  weight 
range of the feedstock,  coupled with the dis t r ibut ion of C./H ra t io  throughout the 
boiling range.  As the boiling point o r  molecular  weight of any c l a s s  of h y d r o c a r -  
bon - paraff in ,  olefin,  naphthene, a r o m a t i c ,  e tc .  - i n c r e a s e s ,  i t s  coke forming  tend- 
ency i n c r e a s e s .  
Conradson carbon res idue  value. This  i s  in e s s e n c e ,  a des t ruc t ive  dis t i l la t ion t e s t  
under s tandarized conditions which can ,  t h e r e f o r e ,  be d i rec t ly  re la ted  to coke f o r m -  
ing tendency in pyrolysis  p r o c e s s e s .  However ,  in a l l  pe t ro leum gasif icat ion proc-  
e s s e s ,  the feedstock i s  exposed to  t e m p e r a t u r e s  above i t s  l i m i t  of t h e r m a l  s tabi l i ty ,  
s o  that  pyrolysis  o c c u r s  to var ious  degrees .  

A s imple  e m p i r i c a l  m e a s u r e  of this coke forming tendency i s  the 

The o c c u r r e n c e  of coke formation would make any continuous p r o c e s s  even-  
It would a l s o  reduce  the act ivi ty  tually inoperable  through blockage of the r e a c t o r .  

of any ca ta lys t s  used in the gasification s tep.  
employing empty  o r  catalyst-f i l led r e a c t o r s  a r e  general ly  l imited to dis t i l la te  feed-  
s tocks ,  and frequent ly  dis t i l la te  feedstocks with v e r y  low dis t i l la t ion endpoints and 
C / H  ra t ios  to  reduce coke forming  tendencies  to a n  absolute  minimum.  
a r e  p r o c e s s e s  using oxygen for  par t ia l  combustion of the feedstock a t  v e r y  high t e m -  
p e r a t u r e s .  

As  a r e s u l t ,  continuous p r o c e s s e s  

Exceptions 

In these ,  coke accumulation i s  prevented by continuous burn-off.  

An indication of the dominance of the coke deposit ion p r o b l e m  in gas  manu-  
fac ture  f r o m  pe t ro leum feedstocks i s  the development of two types of r e a c t o r  s y s -  
tems  par t icu lar ly  designed to overcome this l imitation. 
which deposited coke can be  burned off a t  sui table  in te rva ls .  
tinuous s y s t e m s  in which sol ids  p a s s  through the reac t ion  zone to allow deposit ion 
and removal  of the coke. 

One i s  the  cycl ic  s y s t e m  in 
The o t h e r s  a r e  con- 

Also of g r e a t  importance i s  the sulfur  content of pe t ro leum feedstocks.  In 
gas  manufac ture ,  the sulfur  in the feedstock i s  converted into gaseous sulfur  com-  
pounds such a s  hydrogen sulf ide,  carbon disulf ide,  carbon oxysulfide,  and the v a r i -  
ety of niercaptans and other  organic  sulfur  compounds.  T h e s e  contaminants  m u s t  
be reduced to acceptable  levels  before the gas  is dis t r ibuted.  In. m a n y  gasification 
p r o c e s s e s ,  the,re i s  a n  addi t ional  disadvantage to high sulfur  content  of the feedstock 
in that su l fur -sens i t ive  ca ta lys t s  a r e  employed. In fac t ,  in s o m e  p r o c e s s e s , s u l f u r  
h a s  to be removed f r o m  the feedstock before gasif icat ion,  to levels  a s  low a s  o.ne 
p a r t  p e r  mill ion o r  l e s s  to avoid poisoning and deactivation of the catalyst .  

In Table  1 ,  typical  p roper t ies  of gasification feedstocks a r e  summar ized .  In 
addition to the proper t ies  d i scussed  above,  c e r t a i n  p r o p e r t i e s  affecting the e a s e  and 
s a f e t y  of s tor ing  and pumping a r e  given such a s  pour point,  the w a t e r  and sediment  
content and the flash point. 
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Feed Hydrocarban, C n  H,, C/H ratio = 12(n/m) 

t 

7 
caseous Products 

Hydrogen Goseous Hydrocorbons 

CM D 0 Methane, CH4, C M  - 3 
Ethane, C2H6, C M  = 4 
Ethylene, C2H4, CAI - 6 

. Propylene, C3H6, C/H - 6 

PylOly6lS 
at 1300" - 1700°F 

Tar Carbon, Coke 

Benzene, C6H6, - 12 Naphthalene, C/H obove 20 
Toluene, C7He, C M  - 10.5 

_I____i Non-Goseous Products 

Light Oi l  

Anthracene-plus, 
and derivatives 

cm - 12-20 

F i g u r e  1 .-SCHEMATIC PRODUCT DISTRIBUTION I N  
HIGH-TEMPERATURE VAPOR -PHASE CRACKING 

-700 900 I100 I300 I500 
TRUE OIL GAS HEATING VALUE, B T U I S C F  
- 

INCREASING SEVERITY OF PYROLYSIS 

I 
Figure  2.-RELATIONSHIP O F  COMPOSITION AND TRUE OIL GAS 

HEATING VALUE 
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PYROLYSIS PROCESSES 

T h e r m a l  c racking  o r  pyrolysis  reduces  the average  molecular  weight of hy-  
drocarbon mixtures  by  subjecting t h e m  to t e m p e r a t u r e s  a t  which they a r e  not s table;  
that i s ,  at which the energy  holding toge ther  s o m e  of the carbon and hydrogen atoms 
in  the molecule is  overcome.  In its e x t r e m e  f o r m ,  pyrolysis  can ,  t h e r e f o r e ,  r e s u l t  
in the format ion  of carbon and hydrogen a s  the pr inc ipa l  products .  This  o c c u r s ,  f o r  
example ,  in the manufacture  of carbon black. More  general ly ,  however ,  the des i red  
products  a r e  hydrocarbons of lower molecular  weight than the hydrocarbon making 
up the feedstock.  

Pyro lys i s  i s  not a v e r y  select ive operat ion and normal ly  r e s u l t s  in a broad 
s p e c t r u m  of products ,  ranging f r o m  those of lowest  molecular  weight - hydrogen 
and methane - to the h ighes t  - p i t c h  and coke. However ,  by p r o p e r  cont ro l  of oper -  
ating conditions - p r e s s u r e ,  t empera ture  and res idence  t ime - the re la t ive  abun- 
dance and composition of the gaseous,  liquid and sol id  products  can b e  control led to 
a considerable  extent.  

increa 
ucts.  

I n  the pe t ro leum indus t ry ,  mild pyrolysis  is  used in re f inery  operat ions to 
.se  the rat io  of low -boiling (dis t i l la te)  products  t o  high-boiling ( res idua l )  prod-  
T h u s ,  what i s  d e s i r e d  i s  b reakage  of carbon-carbon bonds without too rad ica l  

a r e a r r a n g e m e n t  of the hydrocarbon molecules .  
range is  usually l imited to 800"-1200"F,  and supera tmospher ic  p r e s s u r e s  a r e  gen- 
e r a l l y  employed to minimize  gas  formation.  

To achieve t h i s ,  the tempera ture  

The  pe t ro leum indus t ry  a l s o  uses  pyrolysis  of low-boiling feeds tocks ,  such 
a s  propane,  butane and naphthas ,  to produce ethylene and propylene and some higher 
molecular  weight olefins and diolefins.  This  i s  done in ex terna l ly  heated al loy tubes 
a t  the lowest  p r a c t i c a l  total  p r e s s u r e s  and with substant ia l  s t e a m  dilution to  lower 
the p a r t i a l  p r e s s u r e  and the residence t ime of the reac t ion  products .  
motes  gaseous olefin format ion  and minimizes  a n y  tendency to pi tch and coke f o r m a -  
tion which could cause  tube blockage. 
type of t h e r m a l  cracking prac t iced  in oi l  refining p r o c e s s e s  but s t i l l  below those n e c -  
e s s a r y  to  obtain acceptable  fuel  gas  yields and composi t ions.  A subs tan t ia l  amount 
of pilot  plant  and ful l  sca le  plant t e s t  work  h a s  been done to develop continuous py- 
ro lys i s  p r o c e s s e s  for  production of high heating value (high-Btu) gas  employing tube 
f u r n a c e s ,  but this has  not  ye t  proved commerc ia l ly  feasible .  

This  p r o -  

P y r o l y s i s  sever i t ies  a r e  g r e a t e r  than in the 

In the gas  indus t ry ,  pyrolysis  of p e t r o l e u m  oils i s  p r i m a r i l y  used  to produce 
high heat ing value gases  for  enr iching lower heating value g a s e s ,  o r  for  supplemen- 
ting na tura l  gas.  
the re f inery  and pe t rochemica l  pyrolysis  p r o c e s s e s :  
t imes  of one to five seconds ,  n e a r - a t m o s p h e r i c  p r e s s u r e  and the use  of s m a l l  
amounts  of s t e a m  a s  a c a r r i e r  gas .  
product  gas heating values range f r o m  900 to 1600 Btu /SCF and the weight percent  
conversion to gas i s  re la t ively constant  and  near  the opt imum obtainable at  approx-  
imately one a tmosphere  p a r t i a l  p r e s s u r e  of gaseous+react ion products .  

The operat ing conditions used a r e  re la t ively s e v e r e  compared  to 
1300" to 1700"F,  res idence 

Within this range of conditions,  i n e r t - f r e e  

P y r o l y s i s  Fundamentals  

The yields of gaseous and nongaseous products  o v e r  this  re la t ive ly  nar row 

The reason  for this is  given in F ig .  1 which shows schemat ica l ly  tha t  the 
range of operating conditions a r e  determined la rge ly  by the feedstock C /H weight 
ratio.  
ga.;eous products  cons is t  essent ia l ly  of high hydrogen content,  low C / H  ra t io  m a -  
t e r i a l s ,  whereas  the nongaseous products  cons is t  of low hydrogen content ,  high C / H  
ra t io  m a t e r i a l s .  
weight ra t io .  
e r y  of the heat of combust ion of the feedstock in the f o r m  of s table  gap (Btu  hea t  of 
combustion o r  t h e r m a l  recovery) .  This i s  shown in Table  2 with data  der ived  f r o m  
cor re la t ions  based on labora tory  pyrolysis  tes t s .  

T h u s ,  the gas yield can be related d i rec t ly  to feedstock C /H 
The weight p e r c e n t  gas  y ie ld ,  in tu rn ,  i s  d i rec t ly  re la ted  to the recov-  

Typical  t e s t  r e s u l t s  of this type 
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a r e  given in Table  3 fo r  NO. 2 Diese l  Oil. 
i ty - that  i s ,  the t e m p e r a t u r e  and /o r  res idence  t ime - i s  i nc reased ,  increased  v o l u ,  
of gas  containing substant ia l ly  moqe hydrogen and l e s s  higher molecular  weight hy( 
ca rbons  a r e  produced. This  is  accompanied by  inc reased  coke format ion ,  and f o r d  
mat ion  of l e s s e r  amounts  .of liquid products having a higher specific grav i ty  and f r e  
ca rbon  content. However ,  Btu r ecove r i e s  r e m a i n  relat ively constant except  that at 
v e r y  s e v e r e  py ro lys i s  conditions they tend to d e c r e a s e  somewhat.  Incomplete py-  
ro lys i s  a t  low s e v e r i t i e s  is indicated by  the high paraffin content (high unsulfonat- 

It can  be seen  that a s  the pyrolysis seve 

1 
ablc res idue)  of the liquid products.  i 

( 

composition with opera t ing  conditions is by means  of the t r u e  ( i n e r t  o r  diluent-free,  
oi l  gas  heating value - t h e  heating value of the hydrogen-gaseous  hydrocarbon f r ac ,  
tion of the 'pyrolysis  products .  As shown in Fig.  2 ,  th is  applies to a wide range of , 
feedstocks and  py ro lys i s  s eve r i t i e s  a t  re la t ively constant o i l  gas p a r t i a l  p r e s s u r e s  
The t r u e  o i l  gas heating value may a l so  be used to c o r r e l a t e  the nongaseous produc 
yields and composi t ions  f o r  any  given feedstock and t rue  o i l  gas pa r t i a l  p re s su re .  I/ 
As would be  expec ted ,  the t rue  oil  gas  heating value i s  an  e m p i r i c a l  measu re  of py; 

i An exce l len t  e m p i r i c a l  method fo r  co r re l a t ing  gaseous pyro lys i s  product 

rolys  is severi ty .  A 

The e s s e n t i a l  independence of gaseous products  composition on feedstock 

F o r  

~ 

I' 

prope r t i e s  e x i s t s  only when the p r i m a r y  decomposition react ions of the feedstock 
have been comple ted ;  o therwise ,  the product  dis t r ibut ion m a y  be dis tor ted.  

bution will be independent of feedstock p rope r t i e s  a t  reac t ion  t empera tu res  above 
1300°F and r e s idence  t i m e s  above 1 second. 

if used as feeds tocks  a t  low pyro lys is  s e v e r i t i e s ,  wil l  appea r  in abnorma l  concen- 
t r a t ions  in the gaseous  products.  

na tu ra l  gasoline,  naphtha and  higher boiling pe t ro leum o i l s ,  

their  higher t h e r m a l  s tabi l i ty ,  will r equ i r e  somewhat m o r e  
P ropane  and butane,  a s  a r e su l t  of 

It h a s  been  found in extensive l abora to ry  tube furnace  s tudies  a t  the Insti-  ' 
tute of Gas Technology that  the gaseous product  distribution in h igh-sever i ty  pyrol-{ 
ysis  opera t ions  can  be  in t e rp re t ed  by a s suming  that it i s  de te rmined  p r imar i ly  by 
these ove ra l l  r eac t ions  : 

a) Hydrogenation of olefins to paraffins with a n  equal  number  of carbon 
a t o m s ,  s u c h  a s :  

, 

C3H6 t €3,- C3H8 

o r  in  m o r e  g e n e r a l  t e r m s  : 

CnHzn t H,= CnHznt 2 

< 
I where  n ,  the number  of carbon a t o m s ,  can be 2 ,  3 ,  o r  more .  

Des t ruc t ive  hydrogenation of paraffins to me thane ,  and a paraffin with 
one less carbon a tom,  such a s :  

b) 

Czfl6 t H, Z 2CH4 

C3H8 f H,= CH4 t CzH6 

f o r  in m o r e  gene ra l  t e r m s :  

CnHzn+r t H, -cH4 t Cn-IH2n , (Sys tem 2) 
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I When n = 2 ,  the fo rward  and r eve r se .  reac t ions  of Sys t em 1 m u s t  be ex t r e  
ly  r ap id ,  s ince  ethylene,  hydrogen and ethane a r e  always r ecove red  in the approxi- 
m a t e  chemica l  equ i l ib r ium concentrations cor responding  to the effective reaction i 
t empera tu re  and p r e s s u r e .  The s a m e  appea r s  to  be  t r u e  with propylene-hydrogen 
propane (n=  3 )  and,  probably ,  higher molecu la r  weight gaseous olefin-hydrogen-pad 
affin subsys t ems  (except  when the olefin o r  paraffin is a l s o  the feedstock, and the \ 

seve r i ty  of c r ack ing  i s  too low to allow completion of the p r i m a r y  decomposition 
react ions) .  I I 

In compar i son  to the rapid hydrogenation-dehydrogenation of System 1 ,  meti 
ane format ion  by Sys t em 2 i s  v e r y  slow. 
a r e  r ecove red  in concent ra t ions  f a r  removed f r o m  those cor responding  to chemical 
equi l ibr ium a t  the effective reac t ion  conditions. However,  the approach  to equilib-:! 
r i u m  of the ethane -hydrogen-methane and propane-hydrogen-methane-ethane sub-  

the composition of the m a j o r  gaseous products  of h igh - t empera tu re  pyrolysis can 
predicted from the effective t e m p e r a t u r e ,  p r e s s u r e  and  res idence  t ime ,  and f r o m  

Consequently,  the components in Sys tem 

s y s t e m s  is de te rmined  by  only the reac t ion  t e m p e r a t u r e  and r e s idence  

equi l ibr ium cons tan ts  fo r  the subsys t ems  covered  by  Sys tems 1 and 2. 
l i b r i u m  cons tan ts ,  when e x p r e s s e d  i n  t e r m s  of the p a r t i a l  p r e s s u r e s  of 
and r eac t an t s ,  a r e  dependent on the reac t ion  t empera tu re  only. 

The abundance of the minor  const i tuents ,  butadiene and acetylene,  is  indi- ' 

cated by: t 
(System 3) ; 

(System 4) 1 
Simi la r  to Sys t em 1,Systems 3 and 4 a l s o  appea r  to c lose ly  approach  chemical equj 
l i b r ium in the pyro lys i s  zone. However,  in gas production p r o c e s s e s ,  butadiene, a 

cor responding  to the effective pyro lys i s  t empera tu re .  This i s  probably due to con-'i 
tinued reaction of t hese  highly react ive consti tuents a t  the lower t empera tu res  p r e -  

r e l a t ed  to the hydrocarbon f r agmen t s  respons ib le  fo r  the format ion  of a substantial  
vail ing in the p roduc t  offtakes and s e p a r a t o r s .  (Butadiene,and acetylene a r e  d i r ec t  

por t ion  of the liquid products . )  

The re la t ionships  de te rmining  gaseous  products  distribution which have bee! 
descr ibed  above a r e  of g r e a t  impor tance  in the select ion of the conditions for a pro; 
e s s  designed to produce methane  a s  the m a j o r  product.  F o r  example ,  the presently 
used pyro lys i s  p r o c e s s e s  ope ra t e  a t  nea r -a tmosphe r i c  p r e s s u r e  and relatively sholr 
res idence  t imes .  T h i s  f avor s  the production of olefins.  T o  produce a higher p e r -  1 
centage of pa ra f f in s ,  higher p r e s s u r e s  would have to be  used to fo rce  to the right th 
hydrogenation r eac t ions  of Sys t em 1 ,  and  Sys t ems  3 and  4 in  conjunction with Syster 
1.  Th i s  will  happen because  these reac t ions  a r e  in approximate  equi l ibr ium and 
cause  a l a rge  o v e r a l l  volume dec rease .  

par t icular ly  ace ty l ene ,  a r e  r ecove red  in  l e s s  than the equi l ibr ium concentrations 1 
! 

I 
I An i n c r e a s e  in  p r e s s u r e  will  a l s o  produce a higher percentage  of methane 1 

F u r t h e r ,  s ince  methane f o r -  
because  of the inc reased  r a t e  of des t ruc t ive  hydrogenation of the h igher  molecular 
weight paraffins b y  the ove ra l l  reac t ions  of Sys t em 2. 
mation by secondary  vapor-phase  reac t ion  is so  slow, an  i n c r e a s e  in residence timi 
will r e su l t  in  i nc reased  methane concentrations.  However,  this i s  the case  only :' 
within the r ange  of py ro lys i s  s eve r i t i e s  used in high heating value gas production. 

Unfortunately,  an i n c r e a s e  in gasif icat ion p r e s s u r e  will  r e s u l t  in a dec rease  
in feedstock convers ion  to gaseous products  un less  hydrogen is added. 
conclusion c a n  be r eached  f r o m  chemica l  cons idera t ions :  
ply of hydrogen, i n c r e a s e s  in p r e s s u r e  o r  in pa r t i a l  p r e s s u r e  of hydrogen-gaseous 
hydrocarbon consti tuents wil l  favor the condensation and polymerizatiion reactions 
of in te rmedia te  reac t ion  products which f o r m  the high molecular  weight nongaseous 
products ;  compet ing  reac t ions  which f o r m  the low molecular  weight gaseous prod-  4 

The same  
without a n  ex terna l  Sup- 'i 
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ucts  w i l l  consequently b e  s u p p r e s s e d .  

Extensive labora tory  pyro lys i s  s tudies  have  shown that nongaseous products.  
format ion  f r o m  the e n t i r e  range  of liquid hydrocarbon fuels  can  be  substantially.  de-  
c r e a s e d  by the use of a hydrogen-r ich  c a r r i e r  gas  a s  a reac t ion  a tmosphere .  This 
i s  accompanied by a n  i r icrease in the formation of gaseous paraff ins  by the hydro- 
genation react ions which maintain equilibrium. As wil l  be  shown in the sect ion on 
hydrogenolysis p r o c e s s e s ,  t h e r e  e x i s t s  a combination of hydrogen/hydrocarbon feed 
ra t io ,  p r e s s u r e ,  t e m p e r a t u r e ,  and residence ' t ime,  a t  which m o s t  hydrocarbon fuels  
can  be converted to gaseous products ,  with only a minor  quantity of liquid products  
format ion .  Under these  conditions,  the ne t  Btu r e c o v e r y  ( g r o s s  Btu r e c o v e r y  l e s s  
h e a t  of combustion feed hydrogen) approaches  the h e a t  of combust ion of the hydro-  
carbon feedstock. However ,  t o  achieve this with high C /H ra t io  and high molecular  
weight feedstocks r e q u i r e s  high p r e s s u r e s .  

Conversion of liquid feeds a t  n o r m a l  s torage  t e m p e r a t u r e  into pyro lys i s  prod-  
ucts  a t  1400"-1500"F r e q u i r e s  appr,oximately 1500-2000 Btu p e r  pound, which in- 
cludes sensible  h e a t ,  h e a t  of vaporizat ion,  and endothermic h e a t  of reac t ion .  The 
methods of supplying this h e a t ,  and the maintenance of continuity of operat ion under 
conditions leading to the format ion  of coke and pi tch,  a r e  the b a s i c  process ing  prob-  
l e m s  which have led to the development of the var ious  pyrolysis  p r o c e s s e s  s u m m a -  
r ized  in Table  4 and d iscussed  below in g r e a t e r  detail .  

Cyclic Pyro lys is  P r o c e  s s e s 

Cyclic pyro lys i s  of d i s t i l l a te  and r e s i d u a l  oils in a n  a t m o s p h e r e  of s t e a m  at 
n e a r - a t m o s p h e r i c  p r e s s u r e s  unt i l  recent ly  was the only p r o c e s s  used commerc ia l ly  
to produce high-Btu gas f r o m  these feedstocks.  This  s i tuat ion ex is ted  because  man- 
ufactured gas  companies  a l r e a d y  had avai lable  c a r b u r e t e d  water  gas  s e t s  which 
could be  converted a t  m o d e r a t e  c o s t  to s e t s  capable of producing 1000 Btu/SCF g a s  
f r o m  pe t ro leum feedstocks.  
the t h e r m a l  capaci ty  of the s e t ,  and in considerable  s implif icat ion in operat ion 
through ult imate e l iminat ion of sol id-fuel  handling. 
m e n t  sol id  fuel  was used. 
economic r e a s o n s  and g r a t e s  w e r e  e i ther  removed o r  covered with a r e f r a c t o r y  
screen .  

Cyclic pyrolysis  p r o c e s s e s  for  converting dis t i l la te  and r e s i d u a l  pe t ro leum 
oils into high-Btu g a s ,  l ight a r o m a t i c s ,  t a r  and deposited coke a r e  conducted in r e -  
f rac tory- l ined  o r  -fi l led v e s s e l s .  
ing,  supplying p a r t  of the p r o c e s s  hea t  requi rements .  The r e m a i n d e r  of the hea t  to 
maintain the des i red  cracking t e m p e r a t u r e  (1300 "-1700°F) is supplied by the com-  
bustion of hea t  o i l  during the b l a s t  period. 
a make  per iod during which p r o c e s s  oi l  i s  introduced into the heated pyrolysis  zone,  
and finally a second s t e a m  purge and a b las t  purge.  
cycle  in a s y m m e t r i c a l  a r r a y  of v e s s e l s  allowing operat ion in e i ther  direct ion)  is  
usually 3 to 8 minutes ,  with about one-fourth to one-half of the t ime devoted to the 
make  per iod.  

If regenera t ive  heat ing of the b l a s t  a i r  and s t e a m  is  used ,  the t h e r m a l  effi- 
c iency of the p r o c e s s  m a y  be  a s  high a s  85 p e r c e n t  (including the h e a t  of combustion 
of l iquid byproducts).  
feed oil. 
labor .  
only because  of th i s ,  but. a l s o  because  the i r r e g u l a r  production a d v e r s e l y  affects  
marketabi l i ty .  

of ni t rogen and carbon dioxide formed during the b l a s t  purge p a r t  of the cycle.  
t h e r m o r e ,  depending on condensing condi t ions,  the a r o m a t i c  content of r a w  oi l  gas 
can be a s  high a s  5 volume percent .  

This  conversion resu l ted  in a subs tan t ia l  i n c r e a s e  in 

In s o m e  of the e a r l y  develop- 
Subsequently the use  of sol id  fuel  was discontinued for 

Deposited coke i s  burned off by  per iodic  air b las t -  

This  per iod i s  followed by a s t e a m  purge ,  

The length of a cycle  ( o r  half-  

Liquid byproducts consti tute up to 50 weight percent  of the 
Recovery of these products  r e q u i r e s  considerable  investment  in plant  and 

Consequently,  in peak load operat ion ne t  byproduct c r e d i t s  a r e  reduced not 

High-Btu oi l  g a s e s  produced in cyclic p r o c e s s e s  contain subs tan t ia l  quantit ies 
F u r -  

As a r e s u l t ,  combustion c h a r a c t e r i s t i c s  of such 
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Figure  3.-BASIC CARBURETED WATER GAS SET ( T O P ) ,  AND 
TYPICAL CONVERSIONS TO HIGH-BTU OIL GAS OPERATION 
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HIGH-BTU OIL G A S  

R E L I E F  HOLDER 
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W A S T E  H E A T  B O I L E R  TO WASH BOX A N D  

PROCESS OIL A N D  PROCESS OIL  AND 
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OR COMBINE OR COMBINED) 

BURNER AIR 
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,' DIRECTIONAL 
STEAM 3-WAY VALVE S i E A M  

Figure  4.-HALL HIGH-RTU OIL GAS PROCESS TWO-SHELL SET 
( G a s  Machincry  Company) 
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high-Btu oi l  g a s e s  d i f fe r  rad ica l ly  f r o m  those of n a t u r a l  g a s ,  which normally has\ 
much lower spec i f ic  grav i ty  and c o n s i s t s  p r i m a r i l y  of the slow burning paraff ins ,  
methane and ethane. Oil  g a s e s  tend to f lash  back  because  of the i r  higher burning: 
veloci t ies ,  and to produce luminous f lames  because  of their  high content of unsatt, 
ra ted  hydrocarbons.  Scrubbing with absorpt ion oi l  to remove  low molecular  weig 
a r o m a t i c s  ( l ight  oil)  reduces  yellow-tipping. 
duced in conventional cycl ic  pyrolysis  p r o c e s s e s  a r e  not  substi tuted for  na tura l  g! 
in concentrat ions above 50 volume percent .  

I 

In genera l ,  high-Btu oil  gases p r o -  

The  major  types of converted high-Btu o i l  gas  s e t s  which have been used  

The s i n g l e - g e n e r a t o r  s e t  consis t ing of two she l l s  - t h e  oil  gas generator  
and the s u p e r h e a t e r ;  . I  

The s ingle ,  bo t tom b u r n e r - f i r e d  s e t  consis t ing of th ree  she l l s  - the  combus, 
tion c h a m b e r ,  the oil  gas  g e n e r a t o r ,  and the s u p e r h e a t e r ;  

The twin-genera tor  s e t  consis t ing of t h r e e  she l l s  - t h e  two oil  gas  generato: 
and a s u p e r h e a t e r ,  i 

a)  without backblas t ,  and 
b) with backblas t ;  

! 
The t h r e e - s h e l l  regenera t ive  s e t  consis t ing of a r e g e n e r a t o r ,  a genera tor ,  ' 
and a s u p e r h e a t e r ;  and ' ' ,I 

The Hal l  regenera t ive  s e t ,  consis t ing of four  she l l s  - two genera tors  and twl 
superhea ters .  / 

Schematic  d i a g r a m s  of representa t ive  examples  of these  var ious types of s 
conversion a r e  shown in F i g .  3 .  

Single- and twin-genera tor  units a r e  p r i m a r i l y  sui ted for  operat ion wi th  diq 
t i l late oils .  
have substant ia l ly  g r e a t e r  gas-making  capaci ty  a n d  can  be adapted to res idua l  o i l  
operat ion by addition of genera tor  s t a c k s  and a backblast  (Fig.  3) to remove carbo: 
deposited in t h e  g e n e r a t o r s .  
sa t i s fac tory ,  and t h e r m a l  eff ic iencies  a r e  re la t ively low because  sensible  heat i s  
los t  through the g e n e r a t o r  s t a c k s ,  thereby  increas ing  the heat  oil  requirements .  TI 
t h r e e - s h e l l  regenera t ive  s e t  design a l s o  a p p e a r s  to  have l imited flexibil i ty in r e g a r  

Twin-genera tor  uni ts ,  al though requi r ing  a m o r e  cost ly 'conversion,  

However ,  operat ion on Bunker  "C" o i l  i s  not ent i re ly  

to feedstock quality.  I' 

In c o n t r a s t ,  the  Hal l  high-Btu o i l  gas  p r o c e s s ,  which is completely regenera 
t ive,  has operated w e l l  at high t h e r m a l  eff ic iencies  on res idua l  oi ls  with 13 percen  
Conradson carbon r e s i d u e ,  and has  gained wides t  acceptance  f o r  winter  base load 
operation with low-cos t  oils .  Both new and converted units of the or iginal  four -sh  ) 
design,  a s  wel l  as newly cons t ruc ted  units of two-shel l  design ( F i g .  4), were  put ink 
s e r v i c e  in many locat ions and have been used to provide s ignif icant  quantities of ba 
load,  winter base  load ,  o r  peak shaving gas .  / \  
Table 5. Many Hal l  high-Btu oi l  gas p r o c e s s  designs in addition to that depicted ini 
Fig.  4 a r e  avai lable  s u c h  a s  those developed by the Koppers Company, the Semet-  '' 
Solvay Divisiori of Allied Chemical  Corporat ion,  Ibing/Ibeg,  e t c .  A new s e t  design 
with clean r e g e n e r a t o r s  and capable of handling even the heavies t  feedstock without, 
smoke  formation has  been developed to a l a r g e  pilot  plant sca le  by the Institute of 
Gas  Technology but  h a s  not ye t  found c o m m e r c i a l  use. 

5 

2 
Typical  operat ing data  a r e  given in 

Successfu l  high-Btu oi l  gas  operat ion with low-grade res idua l  oi ls  was a l s o  
achieved in par t ia l ly  and fully regenera t ive ,  upright  "U", twin-shel l  Pacif ic  Coast 
oil  gas  sets or iginal ly  designed for  low-Btu oil  gas (town gas)  producthon and bypro,  
duct lampblack recovery .  The Pacif ic  Coast  oil  g a s  p r o c e s s  opera tes  a t  much bight 
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Figure  5.-SIMPLIFIED FLOW DIAGRAM 

( F r o m  Refe rence  55) 
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pyrolysis  s e v e r i t i e s  than the high-Btu o i l  gas  p r o c e s s ,  which i s  respons ib le  f o r  the 
lampblack format ion  and the low product  gas heating value.  It i s  now obsolete in 
the U.S. However ,  t h r e e  new Pac i f ic  Coas t  ( Jones)  type o i l  gas  s e t s  were  built  for  
town g a s ,  t a r  and lampblack production in the U. K. a f t e r  World W a r  I1 and a r e  op- 
e ra t ing  sa t i s fac tor i ly  on med ium grade  fuel  oil. 

Btu recover ies  on a weight b a s i s  f r o m  Table  2 can be used d i rec t ly  to es t i -  
mate  re la t ive s e t  capaci t ies  a s  a function of o i l  p r o p e r t i e s  where hea t  s t o r a g e  c a -  
pacity is the l imiting f a c t o r ,  on the assumpt ion  that  the  h e a t  requi rements  for  c rack-  
ing a unit weight of o i l  do not v a r y  s ignif icant ly  with C /H weight ra t io .  

A good approximation f o r  coke o r  carbon depbsi t ion is given by the expres-  

W t  % deposited coke = wt % Conradson carbon res idue  plus  a constant  
s ion : 

The value of the constant  i s  usual ly  taken a s  3 weight percent ,  but m u s t  be increased  
when the t rue  oi l  gas  heating value falls below 1200 Btu /SCF,  to account  for g r e a t e r  
coke formation and retent ion of pi tch in the s e t .  With the computed value f o r  depos-  
ited coke, the yield of liquid products  can  be e s t i m a t e d  f r o m  the to ta l  nongaseous 
product  yields given in Table  2. 

Heat  oil requi rements  depend on the quantity of coke deposi ted,  the efficiency 
of uti l ization of deposited carbon,  and the efficiency of hea t  r e c o v e r y  f r o m  effluent 
p r o c e s s  s t r e a m s .  
par t ia l ly  o r  nonregenerat ive s e t s .  
in the s ize  of the se t .  The h e a t  .oil requi red  m a y  be es t imated  by a s s u m i n g  a n  a v e r -  
age hea t  requi rement  of 1800.Btu p e r  pound of make oi l ,  a t h e r m a l  efficiency of uti-  
l izing hea t  o i l  and deposited coke of 60 p e r c e n t ,  and a hea t  of combustion of depos-  
ited coke of 16,000 Btu p e r  pound: 

Ful ly  regenera t ive  s e t s  r e q u i r e  substant ia l ly  l e s s  hea t  oil  than 
Heat  oi l  requi rements  a l s o  d e c r e a s e  with increase  

H S 3 h  r e q u i r e m e n t ,  MBtu/MMBtu of make gas  = 

3000-( 160)(weight p e r c e n t  deposi ted coke) 
Btu r e c o v e r y ,  MBtu p e r  pound of make  o i l  

On the bas i s  of this e x p r e s s i o n ,  a t  a total  coke deposit ion of approximately 19 weight 
percent  ( a  Conradson carbon res idue  of approximate ly  16 weight p e r c e n t ) ,  no heat  
oil would be required in typical  high-Btu operat ion.  

Continuous P y r o l y s i s  P r o c e  s s e s  

A. Fluid-Bed Cracking 

Oi l  gas  can be produced in  fluid-bed pyro lys i s  units similar to  the fluid c a t -  
a lyt ic  cracking equipment  used in the o i l  industry.  
F ig .  5 ,  o i l  i s  contacted with hot, finely divided solid p a r t i c l e s , ( h e a t  t r a n s f e r  medium) 
in a bed maintained in the fluidized s t a t e  by a n  upward flow of s t e a m  and oi l  vapors .  
Pyro lys i s  on the s u r f a c e  of the hot so l ids  yields  the n o r m a l  dis t r ibut ion of gaseous 
and nongaseous products ,  with coke being deposited on the sol ids .  The vapor-phase 
pyrolysis  products  a r e  withdrawn f r o m  the genera tor  v e s s e l  overhead and passed 
through condensation and separa t ion  equipment.  
ously t r a n s f e r r e d  frurri the react ion zone to a r e g e n e r a t o r  vcssel located adjacent  to 
thc g c n e r a t o r ,  where deposited coke and supplemental  fuel  a r e  burned to r e h e a t  the 
sol ids  for feed oi l  vaporizat ion and pyro lys i s .  
solids a r e  re turned  to the genera tor  to be contacted with f r e s h  oi l  feed. Solids con- 
veyance between the two v e s s e l s  i s  accomplished pneumatical ly  o r  by gravi ty ,  o r  by 
a combination of these methods.  

As shown in the flow d i a g r a m ,  

Coke-covered so l ids  a r e  continu- 

T o  complete  the cyc le ,  regenera ted  

l 
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B. Thermofor  Pyro ly t i c  Cracking  

High- tempera ture  t h e r m a l  c racking  of r e s idua l  oils 'in a moving bed of 1 / 4 -  

I 
The hea t  t r a n s f e r  med ium used in one pilot  plant p r o c e s s  was  30-mesh  s i l ica  

gel ,  a t  circulation r a t e s  gene ra l ly  ranging f r o m  5 t o  20  pounds p e r  pound of feed oil. 
Other ma te r i a l s  which r e s i s t  a t t r i t i on ,  such, a s  g ranu la r  r e f r a c t o r i e s ,  s i l ica-alumina,  
and h igh- tempera ture  coke b r e e z e ,  a r e  sa t i s f ac to ry ,  s ince unlike in  the fluid p roc -  
e s s e s  used in r e f ine ry  ope ra t ions ,  the hea t  t r a n s f e r  solids a r e  not depended upon f o r  
any catalytic effect  at the e leva ted  t e m p e r a t u r e s  n e c e s s a r y  f o r  o i l  gasification. 

5 
I( 

' 

.! 
Distillate and p r e m i u m  res idua l  feedstocks can  be uti l ized in the fluid-bed , 

( gasification p rocess .  
velopment of the o i l  feed s y s t e m  to p reven t  agglomera t ion  of hea t  t r ans fe r  solids 
f r o m  excess ive  pitch and  coke format ion  at the point of oi l  introduction. 

The  use of low-grade r e s i d u a l  oi ls  would r equ i r e  further de -  

1 
Fluid-bed gasification h a s  the advantages  of continuous coke removal ,  and 

II continuous production of h igh-Btu  gas with no flue gas  dilution. High pyrolysis s e -  
ve r i t i e s  can be achieved at re la t ively low t empera tu re  levels ,  s ince  hea t  t r ans fe r  i s  
m o r e  rapid in a bed of h o t  f luidized sol ids  than on cyclically hea ted  s ta t ionary r e -  
f r ac to r i e s .  This p e r m i t s  the production of low specific grav i ty  o i l  gases  of g rea t e r  
substi tutabil i ty fo r  n a t u r a l  gas.  The absence  of cyclic t empera tu re  variations and 
l a r g e  t empera tu re  g rad ien t s  improves  p r o c e s s  control ,  and e l imina tes  pa r t i a l  ove r -  
c racking  and unde rc rack ing  typical  of cyclic operation. 

, 
, 
I 

I 

Operating r e s u l t s  a r e  equiva len t  to those  presented  in Table  3. Es t imates  of , i 
equipment costs  indicate that only v e r y  l a rge  fluid bed units would offer any savings 
ove r  conventional cyclic equipment.  
plant development by  Fa rbenfab r ik  Baye r ,  AG, has been  opera ted  on naphtha a t  r e l -  
a t ively mild py ro lys i s  s e v e r i t i e s  for  t he  production of ethylene,  propylene and C4 
olefins and butadiene. The  ful l -scale  p r o c e s s  is known a s  the Lurg i -Ruhrgas  Sand- 
c r a c k e r .  

A fu l l - sca l e  plant based on an ,ex tens ive  pilot 8 

i 
I 
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The T P C  process  has  the advantage of producing g a s e s  of good subst i tutabi l -  
ity because  of the s e v e r e  pyro lys i s  conditions which can be  maintained without by- 
product handling difficult ies,  and because dilution with high specif ic  grav i ty  combus - 
tion g a s e s  can be  minimized.  The composi t ions of the product  gases  a t  equivalent 
t rue  oi l  gas heating values  cor respond c lose ly  to those  shown in Table  3. 
diff icul t ies  in designing a fu l l - sca le  plant e x i s t  because feed o i l  i s  no t  readi ly  dis-  
t r ibuted over  the heat t r a n s f e r  medium,  due to  lack of turbulence.  Heat  t r a n s f e r  
between the moving bed and the hydrocarbon vapor  phase i s  be t te r  than in fixed r e -  
f r a c t o r y  cyclic opera t ion ,  but not a s  rapid a s  in fluid-bed operation. 

However,  

The economics of the T P C  p r o c e s s  a r e  highly dependent on byproduct  c red i t s .  
As a r e s u l t  of pitch r e m o v a l  during the pebble quench, the highly a r o m a t i c  liquid 
products  have a low viscosi ty  and a v e r y  low f r e e  carbon content. The coke produced 
f r o m  low ash-content  oi ls  wi l l  m e e t  the specif icat ions for  e lec t rode-grade  pe t ro leum 
coke. 

HYDROGENOLYSIS PROCESSES 

The concept of producing high heating value fuel  g a s e s  f r o m  hydrocarbon 
fuels  by p r e s s u r e  hydrogenolysis  was f i r s t  proposed by the Insti tute of Gas Tech-  
nology and the p r o c e s s  designated a s  hydrogasification. L a t e r ,  the B r i t i s h  Gas Coun- 
c i l  a l s o  repor ted  extensive work on the s a m e  concept ,  al though employing a s o m e -  
what different  approach. Hydrogasif icat ion involves pyro lys i s  in a n  environment  r i c h  
in hydrogen and preferab ly  a t  supera tmospher ic  p r e s s u r e  to achieve the following a d -  

Total  gas formation i s  increased  by  suppress ion  of ne t  hydrogen produc-  
tion f r o m  the hydrocarbon feed,  even at a tmospher ic  p r e s s u r e ,  with a t -  
tendant reduct ion of formation of nongaseous products ,  including coke 
and carbon.  

The ra t io  of gaseous paraff ins  to olefins i s  increased ,  thereby  i n c r e a s -  
ing the subst i tutabi l i ty  of the product  gas  for  n a t u r a l  gas.  

Near ly  complete  conversion of low-boiling, low C/H ra t io  feedstocks 
to a high-methane content gas  can  be achieved by proper  ad jus tment  
of hydrogen/oi l  feed ra t io  and reac t ion  t ime in  the usua l  reac t ion  t e m -  
p e r a t u r e  range for  pyrolysis  and a t  re la t ively modera te  p r e s s u r e s .  

P r o c e s s e s  can be designed for  continuous operat ion with m i n i m u m  by- 
product formation for  a wide range  of hydrocarbon fuels.  

In Table 6,  the var ious  hydrogenolysis p r o c e s s e s  a r e  s u m m a r i z e d .  Except  
f o r  the Gas Recycle Hydrogenation (GRH) p r o c e s s ,  none of the continuous p r o c e s s e s  
have been commerc ia l ized ,  although i n t e r e s t  is  g r e a t  in a r e a s  with a l a r g e  supply of 
low-cost  naphtha and a need for  supplementing n a t u r a l  g a s  supplies.  The oldest  hy-  
drogenolys is .process  is carbure t ion  of water  gas  t o - i n c r e a s e  i ts  heat ing value to 
town gas specifications.  
hydrogen-r ich  gas leaving the solid fuel  bed ( a  mixture  of hydrogen,  carbon monox- 
i d c ,  and s o m e  carbon dioxide and undecomposed s team)  a t  essent ia l ly  a tmospher ic  
p r e s s u r e .  Even under these condi t ions,  t h e r e  i s  a substant ia l ly  h igher  yield of g a s -  
eous hydrocarbons than in the equivalent cyclic high-Btu oil  gas p r o c e s s  in which 
t h c r c  is no hydrogen-r ich  c a r r i e r  gas  present .  
water  gas  process  e l iminat ing the need for solid fuel  a s  a s o u r c e  of hydrogen-r ich  
c a r r i e r  gas developed to a l a r g e  pilot  plant sca le  by the Insti tute of Gas  Technology 
but,  aga in ,  this p r o c e s s  has  not  been commerc ia l ized .  

In this cycl ic  p r o c e s s  the make oi l  is' introduced into the hot 

A modification of the carbure ted  

The nature  of the var ious  p r o c e s s e s  for continuous hydrogenolysis  is  bes t  il- 
lus t ra ted  by Tables  7, 8 , a n d  9 based on pilot plant operat ion with tubulbr empty  r e -  
a c t o r s  o r  with a circulat ing fluidized coke bed. In Table 7 ,  operat ion with na tura l  
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Table 7.-SELECTED PROCESS DATA FROM PRESSURE 
GASIFICATION AND HYDROGASIFICATION O F  DISTILLATE 

FEEDSTOCKS 

* 1.3 

P r e s s u r e  P r e s s u r e  Gas  Recycle 
Gasi f ica t ion  Hydrogasification Hydrogenator 

( F r o m  Ref. 22 ! ( F r o m  Ref. 22 ( F r o m  Ref. 77 ) 
Heavy Kern-  Lieht 

Naohtha s ine  NaDIhtha Hydrocarbon Type 4 6  RVP Natura l  Gasohn- 
' A P I  ... . 
CIH Weight Ratio 
Disti l lat ion-End Point.  O F '  

OPERATING CONDITIONS 

Reaction Mass 
Reac tor  Tube Wall  

Average  Tcmp. 'F 
1303 
1535 

R e a c t o r  Pressure. p s ~ a  50. 8 
Residence Tlme. s e c  5. 20 

Hydrocarbon Feed. g a l / h r  47.55 
Hydrogen Feed. S C F / g a l a  _ -  

OPERATING RESULTS 

Hydrogen Reacted 
SCFIgal  _ _  

P r o d u c t  Gas Yleld, S C F l g a l  75. 54 

_ _  

Btu Recovery, Net,  MBtulgal \ 89.44 

Liquid Products ,  wt bob 24.2 

Na T h e r m a l  Recovery. 5' 
Mater ia l  Balance, 5 102.0 

79. 8 
PRODUCT GAS PROPERTIES 

Composition, male "'. 
Hydrogen 
Methane 
Ethane 
P r o p a n e  
Butanes  
Pentanes  -plus 
Ethylene 
Propylene  
Butenes 
Pentenes  
I .  )-Butadiene 
Cyclopentadiene 
Acetylene 
Benzene 
To 1 u e n e 
Carbon Dioxide 
S i t ropen  
Carbon %Ionoxide 

Total  

A s  Made 
Calculated 

As Made 
Calculated 

Heating Value. BtulSCF 

Specific Gravi ty ,  Ai r  = 1 

13. 8 
56. 3 

8. 1 
0. 2 
0. 1 

17. 0 
1. 6 
0.4 

0.4 
0. 1 

1. R 
0. 2 

T race  

-- 

_ _  
_ _  

- -  _ _  
m 

1184 
11x7 

0. 72 
0. 67 

88.7 
5. 0 
3 34 

1.104 
1591 

66. 5 

3. 64 

91.81 
_ _  

- _  _ _  
72. 52 

92.68 

21.3 

101.5 

82. 6 

11.9 
56. 5 

8. 1 
0. 1 
0. 2 

15. 8 
3. 5 
0. 2 
0. 1 

0. 2 
0. 5 
0. 5 
0. 2 
0. 1 
I .  3 

m 

_ _  

0. n 

_ _  

1278 
1196 

0.77 
0. 68 

1322 
1437 

70. 3 

4. 64 

49. 36 

60. 31 

26. 1 
43.2 

116. 96 

107. 76 
_ _  

101.1 

96. 7 

29.3 
43 .0  
IO. 7 
0. 3 
0. 3 
0. 2 

IO. 6 
2. 5 
0. 3 
0 . 1  
0. I 
0. I 
0. L 
1. 2 
0. 3 
0. z 
0. 6 

m 
ion9 

- -  

1060 

0.64 
0. 59 

61 .  I 43. I 
5. 75 6. 21 

3x9 527 

1316 1316 
1438 1439 

71 .5  71.4 

4. 29 3.95 

47.83 45. IO 
87.33 104.26 

34 .1  38.9 
39 .0  37.3 

133. 20 153. 37 

103.79 111. 17 

18.2 20.0 

100.6 ' 100. 5 

87.0 

40. 0 
34 .3  
11 .5  
0.4 
0. 1 

8. 7 
I .  6 
0. 5 

0. 2 
0. I 
0. 2 
1 . 5  
0. 3 

T race  
0.6 

m 
992 
973 

0. 54 
0. 53 

_ _  

_ _  

- -  

86.4 

42. 6 
30. 3 
12.5 
0.8 
0. I 

7. 8 
2. 5 
0. 6 
0. I 
0. 2 
0. 1 
0. 2 
I .  0 
0. L 

Trace  
I .  0 

m 
951 
96 1 

0. 51 
0. 52 

_ _  

_ _  

a Essentially 100% purc 
" 

c 
Weight percent  of Hydrocarbon Feed ,,,[ Ht of combust of prod. gas  - Ht of combust  of feed Hz 

Heat of combustion of feed oil 3 

69. 5 
5.,62 

3 24 

1337 

465  

_-  

- -  
88.9 

113.0 

75. 8 
70.1 

142.3 

100.8 

12 .2  
_ _  

88. 1 

22. 6 
'49.5 
21.2 

962 

0. 58 
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Table 8.-TYPICAL HYDROGASIFICATION TESTS O F  DISTILLATE 
AND UPGRADED CRUDE OILS 

(From Reference 85) 

F e e d  O i l  

011 Rate  
l b  C / h r  
lb  o i l / c u  ft  

r e a c t o r - h r  

a I lydrogen F e e d  Ratio 
::. of s t o i c h i o m e t r i c  

P r e s s u r e ,  p s i s  

T e m p e r a t u  e ,  'F b A \'e r a g e  
M a s i m u m  

Res idence  T i m e ,  s e c C  

Hydrogen Consumpt ion ,  

P r o d u c t  R e c o v e r y ,  wt 

S C F l g a l  o i l  

of oil+ H2 fed 

d 
Keros ine  

3.06 

24.7 

98. 0 
500 

1325 
1400 

51.0 

109 

103. 5 

Product  Dis t r ibu t ion ,  wt "1 

G a s  88.9 
Liquid 11.1 
Solid R e s i d u e  ni 1 

Product  Gas Yield,  
S C F / g a l  o i l  198 
S C F / c u  ft  r e a c t o r - h r  726.9 

Net T h e r m a l  R e c o v e r y ,  
90.4 

P r o d u c t  G a s  P r o p e r t i e s  
Composi t ion ,  m o l e  "; 

N - ! -  co + co, 
H2 
C E14 

Higher  P a r a f f i n s  
Olef ins  
Benzene  + T o l u e n e  

Tota l  

C2Ik 

Heating \'slue, 
B t u l S C F  

0. 8 
38 .8  
40. 3 
17. 1 
0. 5 
1 . 0  
1. 3 rn 
909 

Specific G r a v i t y  
b i r  = 1) 0.495 

0 "-360 " C  Fyaction' 
Prehydrogenated  

Diesele T a p a r i t o  
Oi l  C r u d e  

1. 50 1. 50 

12. 1 12. 1 

99.9 100.3 

1500 1500 

l Z 3 5  1505 
1395 1395 

301 319 

156 158 

101.7  97. 2 

93.2 91. 0 
6 .8  9. 0 
nil  nil  

21 1 205 
362.8 354. 2 

88. 9 80. 1 

0.4 0. 4 
23. 8 27. 2 
69. 7 66. 2 

5. 3 5 .4  
- -  0. 1 

0. 1 
0. 7 0. 7 

T E S T  m 
893 868 

-- 

0.482 0.466 

a Stoich iometr ic  f o r  comple te  convers ion  of C 

Dascd  on a v e r a g e  of t e m p e r a t u r e s  m e a s u r e d  a t  c e n t e r s  of t h r e e  equal 
zones  

B a s e d  on  d r y  product  gas  volume a t  r e a c t o r  p r e s s u r e  and a v e r a g e  
t e m i )  e r a  t u  r e  

H in feed oil  t o  CH, 

(I 44 .  L"AP1, C / H  6.11, 0. O?;, CCR 

37 .  3 ' A P I ,  C l l l  ..- 6. 39, 0. 05, CCR 
f 36 .5 'API ,  C / X  = 6.63, 0.07, CCR 

I 



Table 9.-HYDROGASIFICATION O F  PETROLEUM OlLS 
OVER FLUIDIZED COKE 

( F r o m  References 70 and 77 ) 

Feed Oil 
Heavy f 

Gas Oilc Crude OildCrude Oile Fue l  Oil 

Oil Rate 
lb C / h r  122 
lb o i l /cu  ft  r eac to r -h r  18. 7 

Hydrogen Feed  Ratioa 
% of s toichiometr ic  207 

P r e s s u r e ,  psig 4 70 

Tempera ture ,  " F  1436 

Hydrogen Consumgtion, 

Conversion, wt % C in  
SCF/U. S. gal o i l  119 

feed 
Gas 80. 7 
Liquid 19. 3 

Benzene 12.9 
Naphthalene 4.3 
Higher Aromatics  2.4 

Solid Residue 0. 0 

Product  Gas Yield, 
SCF/U. S. gal  oil 435 
SCF/cu  f t  reac tor  -hrb 11 75 

Net T h e r m a l  Recovery,  % 78.4 

Product  Gas P rope r t i e s  
Composition, mole yo 

Nz + CO + COZ + HZS 3. 20 
HZ 68.0 
Paraffins 

('n Hzn+ 2) 28.8 

Unsaturates  0.0 

Btu/SCF 559 
Heating Velue, 

1. 25 I 1  I 1  . 
lnCnHfn+z 

132 
25. 2 

163 

470 

14 54 

116 

1409- 

75.5 
22. 1 
10.0 
2. 8 
9. 3 
2.4 

357 
1256 

72. 0 

3. 15 
64.2 

32.4 

0. 25 

597 
1. 25 

1110 
25.6 

83 

725 
1382 

111 

80. 5 
25. 7 
11.5 

3. 9 
10.3 

2.4 

205 
731 

71. 5 

b 7. 5 
35.6 

56.9 
-- 

792 
1. 24 

101 
19. 3 

210 

470 

1445 
1391- 

127 

65.8 
29. 2 

9.5 
6.4 

13. 3 
5.0 

543 
1314 

63. 5 

2. 15 
75.15 

22.6 

0.1 

499 
1. 17 

a Stoichiometr ic  for  complete conversion of C+  H in  feed o i l  t o  C& 

' S C F  undefined 

38.6OAP1, C / H  = 6.46. 0.0% CCR 

33.2OAP1, C /H = 6.85, 5% CGR 

e 32.7"APII C /H = 6.84, 3.5% CCR 

16.4"API, C /H = 7.59, 11.0% CCR 
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r Z O N E  HIGH-TEMP 1-1 r Z O N E  INTERMEDIATE-TE 2 7  r-ZONE LOW-TEMP 3-1 

REFORMING AND FIRING PRESS.HYDROGAS16 PREHEAT AND VAPORIZATION 

TOTAL AMINE COOLER DUTY 
532 MMETU 
TOTAL AMINE CIRCULATION 
66,000 GAL 2 0  WT 7. MEA 

cot 
231.1 MCF 

F i g u r e  7.-PRODUCTION O F  l’000 MMBTU/HR OF NATURAL GAS SU&PLEMENTS 
FROM KO. 1 F U E L  OIL  BY IGT INTEGRAL PRESSURE 

HYDROGASIFICATION PROCESS 

i 
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gasoline,  with and. without hydrogen,  is f i r s t  compared  to i l lus t ra te  the t remendous 
e f f e c t  of hydrogen addition a t  p r e s s u r e s  of only 50 to  60 psig on this  low C/H ra t io  
and low-boiling feedstock. 
s tock a r e  completely el iminated by addi t ion of 60 S C F / g a l  of hydrogen at 4 to 5 s e c -  
onds residence t ime,  and gaseous olefins g r e a t l y  reduced.  With heavy naphtha and 
kerosene  at 50 to  60 p s i g  p r e s s u r e  and a r e s i d e n c e  t ime of about  4 seconds ,  about 
20 weight percent  of liquid products  a r e  formed a t  90-100 S C F / g a l  hydrogen addi-  
t ion,  but they a r e  valuable low-boiling a r o m a t i c s .  
of hydrogen,  gas  quali ty is f u r t h e r  improved and liquid products  a r e  reduced by 
about half .  
feedstocks a r e  essent ia l ly  the s a m e  at the s a m e  p r e s s u r e .  

Liquid products  ,of o v e r  20 weight percent  of the feed-  

At 450 psig and with 113 S C F / g a l  

IGT and G a s  Council  pi lot  plant  d a t a  f o r  the l ight and heavy naphtha-type 

In IGT'hydrogasification. pi lot  plant operat ion a t  p r e s s u r e s  of 500 to  1500 
ps ig ,  with feedstocks of up to 6.6 C / H  weight r a t i o  and negligible Conradson carbon 
res idue  (Table  8 ) ,  liquid products  w e r e  on the o r d e r  of 10 weight p e r c e n t ,  again 
most ly  low-boiling a r o m a t i c s .  
300 seconds and sufficiently high hydrogen to o i l  feed ra t ios  to m e e t  the s toichio-  
m e t r i c  requi rements  f o r  complete  convers ion  of the feedstock t o  methane ,  while 
s t i l l  maintaining product  gas  heating values  of n e a r l y  900 Btu/SCF.  
Council  f luidized coke bed hydrogenat ion pilot  plant ,  operat ion with feedstocks up to 
7.6 C / H  weight ra t io  and 11 p e r c e n t  Conradson carbon residue was feasible  (Table  9). 

This  was accomplished a t  res idence  t imes  of 50 to  

In  the G a s  

The basic' p roblem in commerc ia l iza t ion  of all of these hydrogasification 
p r o c e s s e s  i s  a n  economic s o u r c e  of hydrogen supply. When the IGT in tegra l  p r e s -  
s u r e  hydrogasifi.cation p r o c e s s  was  developed,  the catalyst  improvements  neces  - 
s a r y  to efficiently convert  the lower boiling liquid feedstocks to  hydrogen by ca ta -  
lytic s t e a m  reforming a t  supera tmospher ic  p r e s s u r e  had not ye t  been  achieved, so  
that the only p r a c t i c a l  s o u r c e  of h i g h - p r e s s u r e  hydrogen in a self-suff ic ient  plant  
was by catalytic s t e a m  reforming  of a port ion of purified product  ( r e c y c l e )  gas.  Such 
a s c h e m e  is  shown in Fig.  7. 

After I m p e r i a l  Chemical  Indus t r ies  (I. C.I.) developed i t s  s team-naphtha r e -  
forming  p r o c e s s ,  this became a p r e f e r r e d  s o u r c e  of hydrogen supply for .any  con-  
tinuous hydrogasification p r o c e s s  f o r  l ight d i s t i l l a tes ,  and this i s  the hydrogen 
s o u r c e  used for  the B r i t i s h  G a s  Council 's  GRH p r o c e s s ,  as shown in Fig.  8. 
ian t  of this p r o c e s s  has recent ly  been  announced by I.C.I. in which the hydrogas i f i -  
cation s t e p  is  not c a r r i e d  out in a n  empty  r e a c t o r  but in  presence  of a nickel  ca ta -  
lys t ;  the hydrogen supply i s ,  of c o u r s e ,  the I. C.I. s team-naphtha re forming  p r o c e s s .  
The flow shee t  for this approach  is given in  Fig.  9. 

A v a r -  

Final ly ,  the IGT h i g h - p r e s s u r e  hydrogasif icat ion p r o c e s s ,  which is designed 
to uti l ize high-boiling m a t e r i a l s  s u c h  a s  c rude  o i l s ,  approaches the problem of hy-  
drogen  supply e i ther  by re forming  of recyc led  product  g a s ,  o r  by p a r t i a l  oxidation 
of  a portion of the feed oil. 
noted that ,  in this p r o c e s s ,  the feedstock cannot be fed d i rec t ly  to the r e a c t o r  but 
m u s t  be prehydrogenated (hydrocracked)  over  cobal t  molybdate ca ta lys t ,  the r e -  
maining high-boiling m a t e r i a l s  m u s t  be s e p a r a t e d ,  and the dis t i l la te  f rac t ion ,  which 
is  equivalent to No. 2 d i e s e l  o i l ,  fed into the hydrogasif icat ion r e a c t o r .  
B r i t i s h  Gas Council v e r s i o n  of the hydrogasif icat ion p r o c e s s  f o r  high-boiling, high 
C / H  weight ra t io  feedstocks this i s ,  of c o u r s e ,  not n e c e s s a r y  s ince  the fluidized coke 
bed s e r v e s  to remove the pitch and coke f r o m  the r e a c t o r .  

These  s c h e m e s  a r e  shown in Fig. 10. It should b e  

In the 

In view of the advanced s ta te  of commerc ia l iza t ion  of the GRH p r o c e s s  com-  
bmed  with the I.C.I. s team-naphtha re forming  p r o c e s s  ( F i g .  8) ,  i t  should be d e -  
sc r ibed  in m o r e  detail .  .L ight  o r  heavy naphtha i s  f i r s t  vapor ized ,  mixed  with some 
recycled hydrogen and desulfur ized to l e s s  than 1 ppm of res idua l  su l fur  a t  a t e m -  
p e r a t u r e  of about 750°F using a hydrodesulfur izat ion ca ta lys t  (n icke l  molybdate), 
followed by Luxmasse  (alkal ine i ron  oxide) a n d / o r  zinc oxide. 
a b s o r b  the hydrogen sulfide formed in the hydrodesul fur izer  and m u s t  be discharged 
and replaced when they a r e  spent.  About 58  percent  of the naphtha vapor  i s  diver ted 

The l a t t e r  m a t e r i a l s  
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Figure  8.-SIMPLIFIED FLOW DIAGRAM O F  I. C.I. 
NAPHTHA REFORMING-GAS RECYCLE HYDROGENATION 

PLANT 

TO FUEL 
2200 L V W  XI PROCESS 

WPUW 11.500 LVHR 9300 LWHR HYDROGEN REC'CLE 
SECONDARY CONS AIR 16,MM SCF/HR 
PRIMARY COMB AIR 1 ;  7500F 

- .  

H20 11,400 LBMR 

Overal l  t h e r m a l  e f f i c i e n c y  . . . . . . . . . . . . . . . . . . . . . .  9 3 . 5 %  
Feedstock . . . . . . . . . . . . . . . . . . . . . . . . .  224,000 lb/day 
F u e l .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  52,00Olb/day 
Softened boi ler  f e e d  w a t e r .  . . . . . . . . . . . . . . . . .  531,000 lb/day . 
Power ( a i r  cool ing  a s s u m e d )  . . . . . . . . . . . . . . . . . . .  3200 K W H  
CATALYST CHARGE 
Hydrodesul fur izer  (IC1 cata lyst  3 2 - 4 ) :  

(IC1 cata lyst  4 1 - 3 )  2 i O  C F  
R e f o r m e r s  (IC1 c a t a l y s t s  46-1  and 53-1)  ( tota l )  170  C F  
Shi f t  r e a c t o r  (IC1 cata lyst  1 5 - 4 )  801 C F  

dependent on s u l f u r  l e v e l  in naphtha 

i 

! 

Figure  9.-I.C.I. TOWN GAS PROCESS 



RUDE OIL 64,000 L0 IHR 

l b / h r  OUT lb /hr  - -  IN  
011 64,000 Product  Gas 35,000 
Steam 53,900 CO, 43,900 

Crude Aromat ics  5,330 
117'900 Oil for Reformer  F u e l  10,200 

Oil for Prehydrog. P r e h e a t  4,700 
Water 18,000 
Los s 770 

117,900 

- 

- 

STEAM 0500 L0 /HR CRUDE OIL 58.900 L0  /HR 

3620 L B I H R  

'1 
P P  ,- r -  

lb /hr  OUT l b / h r  - -  IN 

Oil  58,900 Product  Gas 35,000 
0 2  22,900 CO, 67,600 
Steam to P a r t i a l  Oxidation 8,500 Crude Aromat ics  3,620 
Steam to Shift  51,400 Carbon f r o m  P a r t i a l  Oxidation 680 

1 4 1  ,700 Water f rom P a r t i a l  Oxidation 4,800 
Water f rom Shift 25.700 
Oil f o r  Prehydrog. P r e h e a t  3,200 
Loss 1,100 

141.700 

- 

F i g u r e  10.-TWO FORMS O F  IGT HIGH-PRESSURE HYDROGASI$ICATION 
PROCESS 
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to the hydrogenator plant  while the r e m a i n d e r  i s  mixed with superheated s t e a m  in 
the ra t io  of about 4 lb s t e a m  p e r  lb  naphtha. 
1.C.I. p r o c e s s  r e f o r m i n g  furnace  where i t  is converted to  hydrogen,  carbon monox- 
ide,  methane and c a r b o n  dioxide. 
t e m p e r a t u r e  of about  1 3 8 0 " F ,  a t  p r e s s u r e s  of up to 400 psig.  They  a r e  f i r s t  cooled 
in a w a s t e  heat  boi ler  to ' about  660°F which is a convenient tempera ture  for cata-  
lyt ic  carbon monoxide conversion.  This  is c a r r i e d  out in  a single s tage with a con- 
ventional chromia-promoted  i ron  oxide ca ta lys t  s ince sufficient undecomposed s t e a m  
r e m a i n s  to give a reduct ion of carbon monoxide f r o m  10 percent  to 3 percent.  More 
hea t  is recovered  in a secondary  waste  hea t  boi ler  and this . is  followed by feedstock 

act ivated hot p o t a s s i u m  carbonate  absorpt ion sys tem.  
a heat ing value of  about  435 Btu/SCF and contains s o m e  78 percent  hydroger.. 

This  mixture  p a s s e s  to the tubular 

The gases  leaving the tubes a r e  normal ly  at a 
~ 

II 
!, 
, 
, 
i and w a t e r  preheat ing and  reduct ion of carbon dioxide content to 1.5 percent  in an 

At th i s  point,  the lean gas has  

The re forming  f u r n a c e  is f i red  with liquid naphtha and h e a t  i s  recovered  f r o m  
the flue gases  in  a s t e a m  s u p e r h e a t e r ,  b o i l e r ,  naphtha vapor izer  and combustion a i r ,  
p r e h e a t e r .  I 

The  lean g a s  f r o m  carbon dioxide r e m o v a l  is blended with naphtha vapor and ' 
enr ichment  t a k e s - p l a c e  in the GRH unit. The product  r i c h  g a s ,  a f te r  se rv ing  to p r e -  
hea t  the reac tan ts  in a n  exchanger ,  p a s s e s  through a was te  h e a t  boi ler  to a quench 
tower where  it i s  cooled and heavier  hydrocarbons condense.  The gas  remains  s a t -  
urated with benzene and this i s  then removed in a s tandard  oi l  scrubbing process .  i 

This  p r o c e s s  combination has  a l r e a d y  f o r m e d  the bas i s  f o r  the considerable  

1 number  of c o m m e r c i a l  plants  'which a r e  in operat ion o r  under  construct ion.  
a r e  a l l  designed to  produce town gas with a heating value of about 500 Btu/SCF. 
This  has  no s ignif icant  effect  on the design of the hydrogenator  s ince in these plants 
a port ion of the lean r e f o r m e d  gas bypasses  the hydrogenator  and is mixed again 
with the enriched s t r e a m  af te r  benzol h a s  been  removed.  A higher  proport ion of 
carbon dioxide is  a l s o  r e t u r n e d  in the bypassed gas s ince  this  i s  requi red  a s  a dilu- 
en t  for  specific grav i ty  cont ro l  in the f inal  gas  mixture .  
value obtained in  c o m m e r c i a l  operat ion s o  f a r  has  been 800 Btu/SCF a t  9 2  percent  
o v e r a l l  t h e r m a l  eff ic iency.  
plant d a t a ,  higher hea t ing  values can be achieved by the p r o p e r  combination of p r e s -  
s u r e ,  res idence  t ime and hydrogen to o i l  feed ra t io .  

They 

I 

, 

1 
The m a x i m u m  heating 

However ,  a s  noted in  the d iscuss ion  of var ious pilot 

I 
CATALYTIC STEAM REFORMING OR CRACKING PROCESSES 

These  p r o c e s s e s  involve the react ions of hydrocarbons with s t e a m  in the 
p r e s e n c e  of a ca ta lys t  - normal ly  nickel  containing - a t  t e m p e r a t u r e s  of 800" to 
1900°F.  
p e r a t n r e s  of 1 2 0 0 "  to 1 9 0 0 ° F :  

Carbon monoxide and hydrogen a r e  formed a s  the dominant products a t  t e m -  

t 
m 

C H t nHzO + n C O  t (n t z) H, n m  
I 

These  react ions a r e  highly endothermic (hea t  consuming) s o  that  the question of heat  
supply is a n  impor tan t  considerat ion in p r o c e s s  design. It i s  accomplished in three 
ways :  1 )  heat  is suppl ied continuously f r o m  an ex terna l  source  through alloy s tee l  
tubes containinc the c a t a l y s t ;  ' 2 )  hea t  i s  supplied cycl ical  by s torage  in the catalyst  
bed and r e f r a c t o r y  s h a p e s ;  3)  heat  i s  supplied by par t ia l  combustion through addi- 
tion of a i r  to the s team-hydrocarbon feed. A i r  addition i s  used both to supply a l l  of 
the hea t  requi rements  n o t  m e t  hy reac tan t  prehea t ,  o r  a s  a p a r t i a l  s o u r c e  of heat in 
both ex terna l ly  heated tube furnaces  o r  cycl ic  operation. 

, 

, 
1 

At t e m p e r a t u r e s  of 800"  to 1 0 0 0 " F ,  methane ,  carbon dioxide and hydrogen a r e  
the m a j o r  products .  F o r  example ,  with butane:  I 

I 
CdH10 + 2H7-O- 3CH.4 t COZ t Hz 



Table 10.-CATALYTIC STEAM REFORMING OR CRACKING PROCESSES 

Con1 inuous 
( w l h  f ixed b e d  01 high 
act ivi ty  n i c k e l  cata1y.t) 

R e a c t a n t  p r e h e a t  

C0"fl""O"S 
(wlfh h x c d  bed of low 
ac11v11y nickel  ealalynl) 

Partial combustron and 
reilctant p r e h e a t  

1 . 5 - 5 . 1  
0 

Bclow 3OO.F 
Below 0. L 

Contlnuovs 

high a c t ~ v x t y  nickel  'cata1y.d 

External ly  hea led  alloy tobci  

(with Ilxed bed of m e d i u m  to 

4 . 5 - 6 . 0  
0 

Beloa 42O.F 
Without a11 at htgh p r e s s u r e  

Below 0.0001 

4. 5-6.0 
0 

Below 42O.F 
Below 0.0001 

~~ 

With a i r  at low p r e s s u r e .  
Below 0. I 

Propane .  b u t a n r ,  natural 
gasoline. l ight a n d  heavy 
naphtha 

1200- 1900 
Atrnoephr r i c -450  

0 . 2 - 1 0  

Type. D e 8 u l f u r t z r d  p ropane ,  
butane. natural  gasoline. 
light and heavy naphtha 

P ropane .  butans.  n a t u r a l  
gs#olme.  light naphtha 

Proccss Cundnmn.  
T e m p e r a t u r e .  'F 

Resldcnce  Time ,  see 
Reactant F r e d a  

P I C . . " I L .  pmg 
800- 1000 

250-400 
0 . 5 - 1 5  

1400- I600 
A t m u s p h e r i c  

Below I 

0 . 1 - 2  
50-75 

Seam.  I b l l b  
Air .  S C F l l b  

1 - 3  2-6 
0-LO 

110- I LO 
H e a l  01 C a m b u t t o n  xn Product cas Due 

P r o d u c t s  
cas 

to Procra. Oil. 1. 

Heatrng Value. B t u I S C F  
Composi t ion 

Othe r  

C o m m e r c i a l  Processes (mcludxng 
related pelroch.nncalproc...e* 

1OO-L10 90 

600-800 
C K ,  H p  CO, 

None 

Catalytxc Rich Cas Process 
(Brit ish G a l  Counci l )  

250-350 
Hi. CO. COO CH,. Nz 

N O W  

C i r d l r r  Co.  Proreas, 1. C. 1. 
PIYC~BS, Surlace Combust iwn 
Co. P r a c ~ r a .  H e r c u l e s  P o w d r r  
c o .  process. Otto process. 
K l l n n e  Pruceia, M. W. Krl logg  
Co. Process. p lus  nmny o l h r r s  

Cont inuous 0. N.  I. A. - 
G. E. G. I Proccas. 
Compagnir C h l r a l e  de 
C a n s t r u c f i o n  d e  Fours-  
Dxstrrgaz Proccrs. Crandr 
Paroisrr f i ~ r  C r a c k i n g  P r o r ~ n a .  
Gal d e  Franc-  P-2 Proce.8 

PI101 Plant Procc.aes L o w  T e m p e r a t u r e  Steam R e  
(ICT) 

Table 1 0 ,  Cont.-CATALYTIC STEAM REFORMING OR CRACKING PROCESSES 
C y c l t c  

(wi th  f ixed bcd of low 
act ivi ty  nirkel  caia lyst )  

Cyrllc  
(with [>xed bed of low 
a c t i v i t y  n i c k e l  catalyst)  

Inlernrl ly  healed c a t a l y s t  
a n d  refractory 

4. 5-8.0 
0 - 1 2  

so Ilmlt 
so l l rn i t  

c y c l i c  
(with lucd bed of low a c t i v q  
n i c k e l  catalyst)  Reactor  Type 

Heat  Source 

F e e d s t a c k a  . ' 

I n t e r n a l l y  healed catalyst  
and refrar iury  

4 5 - 8 . 0  
0.12 

No llmlf 
N" I,",ll 

Internally heated catalyst. partial 
Combustion a n d  iea~tilnt preheat 

4 . 5 - 6 . 0  C I H  Weight Ratio  
C o n r a d w m  C a r b o n  Realdue. wt ?. 
D i i t i l l a t i o n  Ranee Bclow 42O.F 

No limit Sulfur. W I  7. 

Al l  p c t r v l c v m  feeds f r o m  
p r o p a n e  t o  bei fpr  grades 
of Bunker ' C fuel 0 1 1  

I NO- isnu 
AtrniBrpheric 

0 . 2 - 1  

1 - 3  

All  pefrcileunr feeds from 
p r o p a n e  1 0  beficr g r i d c s  
of B u n k e r  " C  fuel 0 1 ,  

1 300-1800 
A:mO.>ilclic 

J. 2 - 1  

1 - 3  

Propane .  butane.  natural gasolrne. 
l ight a n d  heavy naphtha 

Proces. Condit ions 
T e m p c r r t u t e .  * F  

R e e l d e n r e  Time.  BCC 

Reactant Feed.  

Prc,.ur.. p.xg 
1300-1800 

A t m o b p h e n c  
Below I 

Steam, I b l l b  
A i r .  S C F I l b  

1 - 3  
5 - 1 5  

Heat of Combu#tion I "  P r o d u c t  Cas Due 
10 Prorcr. 011. 7. hO-110 60-110 90-100 

P r o d u c t s  
Gas 

Heattng Value. BruISCF 
COrnpo.ltl0" 

300-500 
ci4. CJI.. 11'. co, co,. s, 
xons 

M i c r a - S i m p l r x  (MS) ur S t r l n  EL 
Roubaix P r u c e s s .  5. S. C. 1 O . G .  1 
and 0. G. 2 Processes. O t t o - C C l P  
Process. C a z  d e  ?ranee P-9 
Process.  Sllamit Indupa. P-3 
Process. Cyclrc  Catalytac Koppere 
Proce.. 

I 

I 
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This  overa l l  reac t ion  is essent ia l ly  thermal ly  n e u t r a l  a f t e r  p r e h e a t  of the reactants  
to  n e a r  the react ion t e m p e r a t u r e  and ,  t h e r e f o r e ,  not  l imited by hea t  t r a n s f e r  r a t e s .  

A bas ic  problem in catalyt ic  s t e a m  reforming  and cracking  is that the pyrol-  
ysys react ions d iscussed  in the preceding sect ion compete with the s t e a m - h y d r o c a r -  
bon react ions.  
higher  the Conradson carbon res idue  value,  the m o r e  difficult  it becomes to  convert  
the feedstock by  reac t ion  with s t e a m  because of i t s  i n c r e a s e d  tendency to undergo 
pyrolysis  side react ions leading to olefinic gaseous products ,  a r o m a t i c  liquid prod-  
ucts  and coke. This  can  be counteracted only to a l imited extent  by  u s e  of excess  
s t e a m  and the Bddition of air. 
and coke, in addition to reducing gas  yield and choking the r e a c t o r ,  a l s o  deactivate 
the catalyst  above and beyond deactivation by sulfur  poisoning. 
m i n e r a l  contaminants in the feedstock which genera l ly  act a s  ca ta lys t  poisons.  

Thus ,  the higher  the C/H r a t i o ,  the higher  the boiling range and the 

High molecular  weight liquid products  ( t a r  and pi tch) ,  

Another problem is  

In Table 10 a r e  s u m m a r i z e d  the var ious  p r o c e s s e s  developed to handle the 

The t e r m  reforming  is normal ly  applied to convers ion  of one gas  to 
problems of hea t  supply and feedstock proper t ies  in catalyt ic  s t e a m  reforming o r  
cracking.  
another ,  whereas  cracking r e f e r s  to conversion of liquid feedstock to gas.  All  of 
the p r o c e s s e s  a r e  in extensive c o m m e r c i a l  u s e ,  many  on a worldwide bas is .  In fac t ,  
the vas t  major i ty  of new manufactured gas plant construct ion falls within the gener -  
a l  category of catalyt ic  s t e a m  reforming  o r  cracking.  Inasmuch a s  this  presentat ion 
is concerned with gasification of pe t ro leum,  catalyt ic  steam reforming  of n a t u r a l  gas 
and re f inery  gas  is not included. However ,  p r o c e s s e s  for  these  feeds a r e  essent ia l ly  
the s a m e  a s  those for  propane and butane. 

Continuous Low-Tempera ture  S t e a m  Reforming o r  Cracking  
I 

This  process ' involves  the react ion of vaporized,  desulfur ized low-boiling 
feedstocks,  ranging f r o m  propane through heavy naphtha,  with 1 to 3 lb of s t e a m  
p e r  lb of hydrocarbon a t  supera tmospher ic  p r e s s u r c ,  p referab ly  250 to 400 psig;  
and a t  t e m p e r a t u r e s  of 800"  to 1000°F. A v e r y  act ive n icke l  ca ta lys t  is  required.  
An alkal i  p romoted ,  coprecipi ta ted nickel-alumina ca ta lys t  i s  used in the Br i t i sh  
Gas Council p r o c e s s  ( the Catalytic Rich G a s ,  o r  CR,G p r o c e s s )  and a ske le ta l  nickel-  
a lumina-aluminum ca ta lys t  i s  used in the IGT process .  The 600 to 800 Btu/SCF 
product  g a s e s ,  consis t ing of m o r e  than 50 percent  methane and l e s s e r  amounts  of hy-  
drogen and carbon dioxide,  can  be upgraded to 800 to 900 Btu/SCF by carbon dioxide 
removal .  N o  byproducts a r e  formed.  
in F igs .  11  and 12 for  a n  ideal ized feedstock - n o r m a l  hexane. 
s ch,eme, c losely approached in p r a c t i c e ,  i s  : 

Some of the p r o c e s s  fundamentals  a r e  shown 
The a s s u m e d  react ion 

C6H14 t 6H20- 6CO t 1 3H, ( t o  completion) 

2CO t 2H2 CHI t CO, ( i n  chemica l  equi l ibr ium) 

CO t HzO : C 0 2  t H, ( i n  chemica l  equi l ibr ium) 

F r o m  Fig.  1 1 ,  it  can be s e e n  that  i n c r e a s e s  in p r e s s u r e ,  d e c r e a s e s  in s t e a m -  
to-carbon feed r a t i o ,  and d e c r e a s e s  in t e m p e r a t u r e  a l l  i n c r e a s e  methane concentra-  
tions and de.crease hydrogen and carbon monoxide concentrat ions,  with relat ively 
little effect  on carbon dioxide concentrat ions.  Fig.  12 shows that  within the range of 
p r e f e r r e d  operat ing condi t ions,  the hea t  of reac t ion  changes f r o m  modera te ly  endo- 
t h e r m i c  to modera te ly  exothermic.  
methane formation a l s o  i n c r e a s e  the tendency toward exothermic i ty ,  including de - 
c r e a s e s  in feedstock C/H rat io .  

General ly ,  the s a m e  conditions that  increase  

In p r a c t i c e ,  min imum reac t ion  t e m p e r a t u r e s  a r e  s e t  by feeds ock react ivi ty  

Minimum s team-to-hydrocarbon feed ra t ios  a r e  de-  

t and catalyst  act ivi ty;  for e x a m p l e ,  operat ion with propane a t  t e m p e r a t u r e s  a s  low a s  
,750"F has been found feasible .  
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t e rmined  by the r e q u i r e m e n t  to prevent  the  formation of coke o r  o ther  high molecu- 
lar weight byproducts on  the  catalyst .  

Conversion r a t e s  a r e  ex t r eme ly  f a s t  and ,  as noted before, not significantly 
l imi ted  by hea t  t r a n s f e r  cons idera t ions  with the p r o p e r  ad jus tmen t  of r eac t an t  r a t io s ,  ;I 
p r ehea t ,  and opera t ing  t e m p e r a t u r e s  and p r e s s u r e s .  As shown in Table 11 ,  with the 
IGT ca ta lys t ,  s p a c e - t i m e  y ie lds  of 10,000 to 20,000 S C F / C F  ca ta lys t -hr  a r e  readily 
a t ta inable ,  about t e n  t i m e s  those typical in  h igh - t empera tu re  steam reforming and 
cracking. 

Continuous High-Tempera tu re  S team o r  Steam-Air  Reforming o r  Cracking 

Two 'bas i c  p r o c e s s  types ex i s t  h e r e ,  ne i ther  capable of producing utility gas 
d i r ec t ly  because the  hea t ing  va lues  a r e  too low: 
t e rna l ly  heated alloy tubes wi th  s t e a m ,  o r  s t e a m  and re la t ive ly  l i t t le  a i r ,  a t  p r e s -  
s u r e  leve ls  up to the l imi t s  of tube des ign  (no rma l ly  450 ps ig ) ,  and 2) reforming o r  
c racking  a t  a tmosphe r i c  p r e s s u r e  with steam and sufficient a i r  to make the opera- 
tion au to thermic .  
a r e .  widely commerc ia l i zed  (Tab le  10). 

1) r e fo rming  o r  cracking in ex-  

Both types  a r e  l imited to naphtha o r  lower boiling feedstocks and 

Nickel ca ta lys t s  of substantially lower ac t iv i ty  than r equ i r ed  in  low-temper-  
a t u r e  s t e a m  re fo rming  a re  used ,  although with the advent  of h igh -p res su re  alloy 
tube furnace  opera t ion ,  c a t a l y s t s ,  of increas ing  activity a r e  being developed to allow 
lowering of reac t ion  t e m p e r a t u r e s .  The I. C.I. s team-naphtha c racking  p r o c e s s  de- 
s c r ibed  in the sec t ion  on hydrogenolysis p r o c e s s e s  (F ig .  9 ) ,  a l s o  depends on a n  im-  
p roved ,  m o r e  ac t ive  c a t a l y s t  to' successfu l ly  handle the difficult p rob lem of high- 
p r e s s u r e  operation with a nongaseous feedstock. 

The  tube fu rnace  p r o c e s s ,  utilizing e i t h e r  na tu ra l  g a s ,  where available,  o r  
naphtha,  i f  of sufficiqntly low c o s t ,  i s  a m a j o r  s o u r c e  of ammonia  synthes is  gas  
( 3 / 4  hydrogen and 1 / 4  nitrogen).  In this  application, in addition t o  the steam reac -  
tion sec t ion ,  a s econdary  a i r  r e f o r m e r  is genera l ly  used to conve r t  m o s t  of the al- 
r eady  low methane content to  hydrogen and carbon oxides ,  and to en r i ch  the gas with 
nitrogen. Carbon monoxide is. t hen  catalytically converted t o  additional carbon di-  
oi:ide and hydrogen and the  ca rbon  dioxide removed by one of the regenera t ive  
scrubbing p r o c e s s e s .  

Many modern  town (450 t o  550 Btu/SCF) gas plants in areas  with economical 
suppl ies  of propane,  bu tane ,  and na tu ra l  o r  r e f ine ry  g a s ,  o r  of naphtha and one of 
the above high hea t ing  va lue  g a s e s ,  utilize p r e s s u r e  tube furnace  plants to produce 
about 300 B tu /SCF c a r r i e r  gas  a n d  then add high heating value g a s  (cold enr ich)  to 
the des i r ed  level. 
combust ion c h a r a c t e r i s t i c s  of the product  gas  with those  of the base  gas  (normally 
dcr ivcd f r o m  one of thc c o a l  gasification p rocesses )  while maintaining the lowest 
poss ib le  operating cost .  
so le te  coa l  gasification p r o c e s s e s ,  the p rob lem is still e s sen t i a l ly  the s a m e ,  i f  
cos t ly  appliance b u r n e r  ad jus tmen t  o r  conversion is to be kept  a t  a minimum. 

T o  opt imize th i s  type of opera t ion  r e q u i r e s  c lose  matching of the 

In c a s e  of complete r ep lacemen t  of g a s e s  produced by ob- 

Th i s  is the broad a r e a  of gas  interchangeabili ty (also exchangeabili ty o r  sub- 

In the context of g a s  manufacture ,  the ru les  
st i tutabil i ty) a l r e a d y  r e f e r r e d  to in the sec t ion  on pyro lys i s  a s  re la ted  to substi tu- 
tion of high-Btu o i l  g a s  fo r  n a t u r a l  gas .  
i o r  interchangeabili ty con t ro l  a r e  genera l ly :  

1) Ii technically and  economical ly  feas ib le ,  a t t empt  to duplicate the com-  
position of the b a s e  o r  bu rne r  adjustment  g a s .  

If complete  composi t ion matching i s  not f eas ib l e ,  a t t empt  to  doughly 
match heating va lue ,  spec i f ic  grav i ty  and f l ame  speed .  

2 )  
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Table 11. -LOW-TEMPERATURE STEAM REFORMING OF 
HYDROCARBONS WITH SKELETAL NICKEL 

CATALYST 
(Insti tute of Gas Technology) 

Propane 

FEED PROPERTIES 

"A PI -- 
Distillation Range, 'F - -  
C/H Weight Ratio 4.47 

Pressure, psig 355 
Reaction Temperature, "F 710 
Steam/Hydrocarbon Weight 
Ratio 2.59 

Hydrocarbon Space Velocity, 
lb/ C F  catalyst-hr 684 

OPERATING CONDITIONS 

OPERATING RESULTS 
Product Gas Composition, 
mole % 

NZ co 
co2 18. 8 
H2 10.6 

70.6 cH4 
Total m 

- -  
- -  

-- c6+ 

Product Gas Specific Gravity, 

Product Cas Heating Value, 
Btu/SCF 737 

Product Gas Yield, SCF/lb 27. 9 
Product Gas Space-Time Yield, 
SCF/CF catalyst -hr 19, 100 

Material Balance, wt % 106 
Heat of Combustion Recovery, 

SCRUBBED GAS PROPERTIES** 

(air = 1. 00) 0.685 

% ,  * 95 

Composition, mole % - -  -- N2 co 
co2 2. 0 
H2 12. 9 
cH4 

Total m 
Specific Gravity (air=l.  00) 0. 511 
Heating Value, Btu/SCF 889 

85. 1 -- c b  

Hexane 

- -  
- -  

5.11 

375 
839 

1. 84 

512 

0.4 
t r ace  

20. 8 
10. 5 
68. 3 

m 
-- 

0. 706 

7 14 
30. 2 

15,470 
102 

104 

0. 5 
t race 

2. 0 
13. 0 
84. 5 

m 
0. 514 

883 

-- 

Light Light 
Naphtha Kerosine 

70. 3 

5.42 
167-203 

355 
935 

2. 16 

328 

- -  
0. 2 

21. 5 
12.1 
66. 2 

I-FKT 
- -  

0. 705 

699 
31. 2 

10, 230 
101 

101 

- -  
0.2 
2.0 

15.1 
82. 7 - -  
m 
0. 508 

883 

48.8 

' 5.85 
361-445 

375 
846 

2.34 

23 1 

0. 1 
0.5 

24. 5 
21. 3 
53. 6 

trace m 
0.690 

604 
35. 3 

8, 140 
102 

99 

0. 1 
0. 6 
2. 0 

27. 7 
69. 6 

t race m 
0.442 

783 

eat of combustion of feed hydrocarbon 1 Heat of combustion of product gas * loo[A 

Calculated composition 
scrubbed product gas 

assumes 2 mole percent COZ present in ** 

I 
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3)  If this s t i l l  i s  not f e a s i b l e ,  maintain '  the c l o s e s t  possible  m a t c h  of Wobbe 
in,dex (heating value in  Btu/SCF divided by the square  r o o t  of the specif ic  
gravi ty  re la t ive to a i r )  and f lame speed.  

The Wobbe index is designed for  application t o  a tmospher ic  g a s  b u r n e r s ,  the 
m o s t  commonly used  type,  in which the p r i m a r y  combustion air i s  insp i ra ted  by the 
kinetic energy  of a fuel  gas  j e t  emanat ing f r o m  a small or i f ice .  In  s u c h  b u r n e r s ,  
the total  hea t  input o r  b u r n e r  p o r t  loading is  roughly proport ional  .to the Wobbe in- 
dex of the fuel  g a s ,  and the p r i m a r y  aera t ion  is  inverse ly  proport ional .  Together  
with the gas composi t ion,  the Wobbe index thus la rge ly  d e t e r m i n e s  the f l a m e  s tab i l -  
i ty:  
aera t ion ;  blow-off due to low f lame speed a n d / o r  high p o r t  loading; luminous and 
soot-producing f lames  due to a high content of hydrocarbons ,  p a r t i c u l a r l y  of higher  
molecular ,weight  and of nonparaffinic c h a r a c t e r ,  combined with high p o r t  loading 
and low p r i m a r y  aerat ion.  

f lashback.due to high f lame speed a n d / o r  low p o r t  loading and high p r i m a r y  

As applied to town gas  manufacture  by  continuous re forming  o r  c racking  with 
s t e a m  and a i r ,  the m o s t  c r i t i c a l  var iab le  is  the ra t io  of hydrogen,  with its low s p e -  
c i f ic  gravi ty  and high f lame s p e e d ,  to  i n e r t s  (n i t rogen  and carbon dioxide),  with the i r  
high specif ic  gravi ty  and diluent effect. 
"a i r  gas"  la rge ly  control  the Wobbe index and p e r m i t  c lose matching of burning c h a r -  
a c t e r i s t i c s  with any  b a s e  o r  ad jus tment  gas  in the town gas  category.  
m i c  p r o c e s s e s  which depend on air  addition to achieve the n e c e s s a r y  reac t ion  t e m -  
p e r a t u r e s  wi l l ,  of c o u r s e ,  produce g a s e s  with lower hydrogen and high i n e r t  contents.  
They wil l ,  t h e r e f o r e ,  have h igher  specif ic  grav i t ies  and lower  heating va lues ,  and 
will  requi re  m o r e  high heating value gas  addition. The lower i n t r i n s i c  f lame speed 
resul t ing f r o m  lower hydrogen content i s ,  however ,  counteracted by the h igher  p r i -  
m a r y  a e r a t i o n  which i n c r e a s e s  burning velocity up to about 100 p e r c e n t  p r i m a r y  
aerat ion.  

The re la t ive  amounts  of " s t e a m ,  gas"  and 

The au to ther -  

These  p r o c e s s e s  differ f r o m  the continuous p r o c e s s e s  in that  the endothermic 

In the continu- 
F u r t h e r ,  all of the cycl ic  

hea t  r e q u i r e m e n t s  a r e  m e t  in p a r t  by  hea t  s torage  in the catalyst  bed and the n icke l  
ca ta lys t  is al ternat ingly exposed t o  reducing and oxidizing conditions.  
ous p r o c e s s e s ,  the ca ta lys t  is  always in reduced condition. 
p r o c e s s e s  opera te  essent ia l ly  a t  a tmospher ic  p r e s s u r e .  
c ia l ized (Table  10) and ,  a s  of 1965, c o m p r i s e  the l a r g e s t  number  of manufactured 
gas instal la t ions uti l izing pe t ro leum feedstocks.  

They a r e  widely c o m m e r -  

T h e r e  a r e  two types ,  dist inguished by the use  of s t e a m  only dur ing  the make 
per iod ,  and by  the use  of both s t e a m  and a i r  (Table  10). The m o s t  widely used  types 
o f  the cyclic catalyt ic  s t e a m  reforming  o r  cracking p r o c e s s e s  a r e  the U.G.I. CCR 
p r o c e s s ,  the Segas p r o c e s s  and the O.N.I.A. -G.E.G.I. p rocess .  Typica l  s e t  configu- 
ra t ions f o r  these p r o c e s s e s  a r e  shown in F igs .  13 and 14. 
often regenera t ive  - that  i s ,  a port ion o f  the sens ib le  hea t  in the hot flue gas  leaving 
the ca ta lys t  bed during the air b las t  per iod ,  a s  wel l -as  of the hot  product  gas  and un- 
reac ted  s t e a m  leaving the ca ta lys t  bed during the make  per iod ,  i s  s t o r e d  in r e f r a c -  
to ry  shapes  to be given up l a t e r  to reac tan t  s t e a m  and combustion a i r .  This  is en-  
t i r e l y  analogous to  cyc l ic - regenera t ive  high-Btu o i l  gas  operat ion d i s c u s s e d  in the 
sect ion on pyro lys i s  p r o c e s s e s ,  except  that  much m o r e  s t e a m  is  used during the 
make period and s t e a m  is  a reac tan t  instead of j u s t  a diluent and sweep gas .  
nonrcgenerat ive appara tus  uses  a was te  h e a t e r  boi ler  f o r  h e a t  r e c o v e r y ,  and often 
a waste  hea t  bo i le r  i s  a l s o  used with regenera t ive  appara tus  ( F i g s .  1 3  and 14). 

These  p r o c e s s e s  a r e  

The 

The cyclic p r o c e s s e s  which use s t e a m  and a i r  during the m a k e  per iod a r e  
usual ly  s i m i l a r  in design to the nonregenerat ive O.N.I.A. -G.E.G.I. p r o c e s s  (F ig .  14) 
and a r e  l imited to the use o f  feedstocks in the propane through naphtha range.  They 
a r e  normal ly  used to produce only gases  in the 300 to 500 Btu /SCF range .  This  con-  
t r a s t s  with the cyclic re forming  and cracking p r o c e s s e s  using only s t e a m ,  which a r e  
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being used with the e n t i r e  range of pe t ro leum feedstocks to produce gases  f r o m  300 
t o  1000 Btu/SCF.  

r 
I t  is impor tan t  to note the fiinction of the catalyst  beyond that of s imple a c -  

ce le ra t ing  s team-hydrocarbon react ions.  
oxidation of the n icke l  r e l e a s e s  a substant ia l  amount  of h e a t :  

During the heating per iod of the cycle ,  the 

2 N i  t 0, + 2NiO t 1300 Btu/ lb  of nickel 

During the m a k e  per iod ,  the feed hydrocarbon reduces  the nickel  oxide in a 
s l ight ly  endothermic reac t ion :  

(2n t m/2) NiO t CnHm + (2n t m/2) Ni  t nCOz t 

(m/2) H20 -100 Btu/ lb  of nickel 

T h u s ,  the catalyst  becomes  a v e r y  effective h e a t  t r a n s f e r  and oxygen t r a n s f e r  medi- 
um. 
e s s e s  cont ro l  the f r e e  oxygen contacting the reduced  catalyst .  

Because of the v e r y  high h e a t  r e l e a s e  during nickel  oxidation, some of the proc-  

Cyclic opera t ion  al lows the use of sulfur-containing feedstocks a s  w e l l  a s  
feedstocks deposit ing coke and pitch.  Although the act ivi ty  of the catalyst  declines 
during each make p e r i o d ,  in e s s e n c e  changing the p r o c e s s  f r o m  s t e a m  reforming o r  
c racking  to s imple pyro lys i s  in e v e r y  cyc le ,  these contaminants  a r e  burned off during 
the subsequent hea t  per iod.  

I t  i s  apparent  that  the ca ta lys t  m u s t  be e x t r e m e l y  s table  to withstand sucbA 
r a d i c a l  t rea tment .  
supported by alumina i s  sp ine l  formation.  This is  readi ly  de te rmined  by the loss 01. i 
acid -soluble  nickel.  

The  m a j o r  cause  of permanent  act ivi ty  l o s s  ifor nickel  catalyst&% 

The co- impregnat ion  0f.a s m a l l  amount  of m a g n e s i u m  oxide with the nickel 
oxide has  been found to improve  the act ivi ty  and s tabi l i ty  of a lumina-supported ca t -  
a lys t s .  Magnes ia -suppor ted  nickel  ca ta lys t  does not  lose act ivi ty  due t o  sp ine l  f o r -  
mat ion ,  but ra ther  due to solid solution of nickel  oxide in magnesia .  Both types of 
act ivi ty  l o s s  a r e  a c c e l e r a t e d  by exposure to  excess ive  t e m p e r a t u r e s  ( s a y ,  1300°F 
o r  m o r e )  in an oxidizing a t m o s p h e r e .  

The United Gas  Improvement  Company cycl ic  catalytic reforming (CCR) proc-  
e s s  (F ig .  13) was or iginal ly  developed to convert  carbure ted  w a t e r  gas  s e t s  to  the 
production of c a r r i e r  gas  by placing in the f o r m e r  s u p e r h e a t e r  a bed of nickel  cata-  
lyst  on a r e f r a c t o r y  s u p p o r t ,  and by using the c a r b u r e t e r  as  a combustion chamber  
and p r o c e s s  s t e a m  s u p e r h e a t e r .  Natura l  gas o r  o ther  hydrocarbon fuels a r e  burned 
in the combustion c h a m b e r  to hea t  the r e f r a c t o r i e s  and the ca ta lys t  bed, and t o  r e -  
move deposited carbon and sulfur  compounds f r o m  the catalyst .  Heat f r o m  the b las t  
gas  is  recovered  in a w a s t e - h e a t  boiler.  In the subsequent make  per iod,  s t e a m  is  
superhea ted  by c h e c k e r b r i c k  a t  the bottom of the combustion c h a m b e r ,  and the proc-  
e s s  hydrocarbon is  introduced into the bottom connection between the combustion 
chamber  and thc ca ta lys t  chamber .  

Although this p r o c e s s  was or iginal ly  developed for  use  with n a t u r a l  gas  and 
L P G  to produce low heat ing value,  low specif ic  grav i ty ,  c a r r i e r  gases  sui table  for 
rc , - rnr ichment  xvith n a t u r a l  gas  o r  propane ,  in the p a s t  s e v e r a l  y e a r s  it h a s  been  
usctl with hydrocarbon feeds  of increas ing  molecular  weight,  and i s  a l so  sui table  for  
high-Btti gas  prodiiction a t  reduced operat ing tempera tures .  
low-Dtii gas production with kerosunc is shown in F ig .  13. 

Typical  operat ion for  

The Scgas p r o c e s s  was tlcvclopcd by the South E a s t e r n  Gas Board in G r e a t  
Br i ta in ,  and is s i m i l a r  to thc CCR p r o c e s s  and the F r e n c h  0.N.I.A.-G.a.G.1. p roc-  
C S S .  Original ly ,  l imc-bauxi te  o r  l imc-magnes i te  ca ta lys t s  w e r e  used instead of 
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suppor ted  m e t a l  ca t a lys t s .  
covery  in the c o m m e r c i a l  des igns  descr ibed  in  the l i t e r a tu re .  
and O.N.I.A. -G.E.G.I. p r o c e s s e s ,  the r eac t an t s  flow downward through the catalyst  
bed ,  whereas  in the CCR process  the flow i s  upward. 
a l l  of the th ree  cycl ic  catalyt ic  cracking p r o c e s s e s  employ the principle of process  
hydrocarbon introduction into superhea ted  s t e a m  a t  a point where  no d i r ec t  contact 
of feed hydrocarbon and catalyst  bed i s  possible .  

The Segas p r o c e s s  a l s o  uses  only regenera t ive  heat r e -  
F u r t h e r ,  in the Segas 

The m o s t  r ecen t  designs of 

When a c a r b u r e t e d  wa te r  gas s e t  is  conver ted  to the Segas p r o c e s s ,  the blue- 
gas genera tor  becomes  the s t e a m  p r e h e a t e r ,  the ca rbure to r  becomes  the catalyst  
chamber ,  and the supe rhea te r  becomes  the air  p rehea te r .  During the make  period, 
s t e a m  is superhea ted  in  the f i r s t  ves se l ,  oil  i s  introduced a t  the top of the f i r s t  and 
second v e s s e l s ,  and the c racked  products a r e  r egene ra t ed  in the a i r  p rehea te r  and 
then pass  through the washbox. 
carbon is burned off, and additional fuel i s  introduced in the bottom of the a i r  p re -  
heater .  The Segas and  O.N.I.A. -G.E.G.I. p r o c e s s e s  a r e  a l s o  capable of producing 
gases  ove r  the e n t i r e  range  of utility gas r equ i r emen t s .  Operating r e s u l t s  for  self-  
s teaming and r egene ra t ive  O.N.I.A. -G.E.G.I. plants typical  of a l l  of the cyclic cata-  
lytic s t e a m  cracking  p r o c e s s e s  a r e  given in Table 12. 

The b l a s t  is in  the r e v e r s e  direction. Deposited 

A typical cyclic catalytic re forming  o r  c racking  p r o c e s s  fo r  light dis t i l la tes ,  
employing both s t e a m  a n d  a i r  during the make  pe r iod ,  is the Micro-Simplex process .  
Many c o m m e r c i a l  instal la t ions of this p r o c e s s  have been  made  in France  and Eng- 
land. A typical  p roduct  gas analysis  fo r  light naph- 
tha operation i s  ( i n  v o l u m e  pe rcen t ) :  CO, = 3; H, = 43; N, = 17; CO = 20; 
CH, = 9; C,H6 = 1 ;  Olefins = 7 ;  heating value = 450 Btu /SCF;  specific gravity 
( a i r  = 1) = 0.57. 

The cycle i s  shown in Fig.  15. 

PARTIAL COMBUSTION PROCESSES 

Two types of p a r t i a l  combustion p r o c e s s e s  a r e  in commerc ia l  u se  (Table 13). 
In one,  a i r  is used a t  t e m p e r a t u r e s  below 2000°F.  These  a r e  essent ia l ly  pyrolysis 
p r o c e s s e s  in  which the hea t  r equ i r emen t s  a r e  m e t  by  burning a portion of the feed, 
s o  that  the same feedstock p rope r t i e s  a r e  c r i t i c a l  a s  in pyro lys i s  and the same 'bas i c  
considerations apply. 
f teds tocks  boiling above butane and only p r e m i u m  (low C/H ra t io ,  negligible 
Conradson carbon r e s idue )  disti l late feedstocks can be used because of coke and pitch 
deposition problems.  

F o r  example ,  liquid a r o m a t i c  byproducts a r e  formed f r o m  

In the second type of p a r t i a l  combustion p r o c e s s e s ,  pe t ro leum feed is reac ted  
with oxygen in the p r e s e n c e  of s t e a m  a t  t e m p e r a t u r e s  of 2000" to 3000°F to fo rm hy-  
drogcn and carbon oxides .  

,, 
A genera l ized  reac t ion  cha rac t e r i z ing  this p rocess  i s :  

I 3CnHm t ( 2 n  - m/2) H20  t ( n  t m / 4 )  0, - 
11 

(2n  - m / 4 )  CO t m / 4  H2O t (n  - m / 4 )  CO, 

In this ve r s ion  of the p r o c e s s ,  feeds tock  p rope r t i e s  a r e  the l ea s t  cr i t ical .  
Gas  yields s t i l l  d e c r e a s e  a s  C /H rat io  i n c r e a s e s ,  s t e a m  requi rements  i nc rease  and 
there  is  a tendency f o r  i nc reased  carbon (lampblack) format ion .  However,  no basic 
changes in pa r t i a l  combustion p r o c e s s e s  employing oxygen need to be made  over the 
ent i re  range of poss ib le  pe t ro leum feeds tocks ,  which i s  in  s h a r p  cont ras t  with pyro l -  
y s i s ,  hydrogenolysis and catalytic s t e a m  reforming  o r  c racking  p rocesses .  

ammonia  a n d  o ther  synthes is  gases  f r o m  feedstocks ranging f r o m  methane to Bunker 
"C" f u e l  oi l  (Table  1 3 ) .  The Koppers -Totzek  p r o c e s s  opera tes  at a tmospher ic  p r e s -  

T h r e e  oxygen p r o c e s s e s  a r e  in wide c o m m e r c i a l  use for  the production of 
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Table 14.-PARTIAL COMBUSTION O F  PROPANE IN 
A KOPPERS-HASCHE REFORMER 

( F r o m  Reference 145) 

Make Gas  Heating 
Value, Btu /SCF 

Make Gas Composition, 
vol % 

COZ 

CZHZ 
c3 + 
CZH4 

0 2  

co 
HZ 

cH4 
C3H8 

NZ 
Make Gas Specific Gravity, 

A i r /P ropane  Feed  Ratio 

Average Combustion Zone 
Temperature,  F 

Therma l  Recovery, % 

air = 1 

590 - 

2. 1 

0. 7 

2.2 

12.8 

1.8 

6.0 

8.7 

12.3 

5.9 

47.5 

0. 89 

2.3 

1550 

92 

680 - 

2. 0 

0. 3 

4. 0 

12.9 

1.7 

5.0 

7. 1 

12.5 

8. 2 
46. 3 

0.93 

1.9 

1490 

93 

785 - 890 - 

1.4 1.0 

0.2 0. 2 

6. 1 ,  7.4 

12.6 12. 1 

1 . 7  1. 7 

4.4 3.9 

6.4 5. 9 

12.2 11.7 

11.0 14. 5 

44.0 41.6 

0.97 1.01 

1.6 1.4 

1430 1370 

94 95 

HP STEAM SURPLUS - 
\'  '1 

COOLER- 
PROWCT GAS 

SEPARATOR 

ON 

OIL BOILER FEED WATER 

991 - 

0. 7 

0 .2  

7.6 

11.5 

1.7 

3.6 

5.5 
11.0 

19.2 

39.0 

1. 04 

1.2 

1310 

96 

1091 - 

0.7 
0.2 

7.5 
10.7 

1.7 

3.3 

5.2 

10.2 

24.2 

36.3 

1. 07 

1 .1  

1250 

96. 7 

F igu re  1 6.-BASIC SHELL GASIFICATION PROCESS FLOW DIA,GRAM 
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s u r e ;  the Texaco and Shel l  p a r t i a l  oxidation p r o c e s s e s  can  ope ra t e  a t , u p  to 600 psig. 
Only a single unit  of this type (Shell) is known to be  used  fo r  uti l i ty gas  manufacture.  
T h i s  plant is located i n  the U.K. and r e f ine ry  gas is used to cold en r i ch  the low Btu 
product  gas  to town gas  specif icat ions.  High inves tment  and operating cos t  have 
m a d e  these  p r o c e s s e s  non-competit ive f o r  utility gas manufacture with the p rocesses .  
d i scussed  in the preceding  sections.  .Typical operating data  fo r  a feedstock equiv- 
a l e n t  t o  a high-grade r e s i d u a l  fuel  oi l  and based on Texaco r e su l t s  have a l ready  been 
given in Fig.  10 a s  p a r t  of an  o v e r a l l  h igh -p res su re  hydrogasification scheme. A 
flow shee t  for  t he  v e r y  s i m i l a r  Shel l  p rocess  i s  given in Fig.  16. 

Seve ra l  continuous p a r t i a l  a i r  combustion p r o c e s s e s  a r e  s t i l l  in commerc ia l  
use  (Table  13), but they  a r e  now cons idered  obsolete because  of the infer ior  gas 
quali ty and higher liquid byproduct fo rma t ion  than with the var ious  catalytic a i r -  
s team-hydrocarbon gas  manufacturing p rocesses .  
t he r  development. 

The re  is l i t t le prospec t  f o r  fu r -  

T h e r e  i s ,  however ,  a cycl ic  p a r t i a l  a i r  combustion p rocess  that has found 
This is the Koppers-Hasche wide commerc ia l  use and  holds continuing interest .  

p r o c e s s  (Table 13) which i s  cha rac t e r i zed  by ve ry  low inves tment  cost  and s implic-  
i ty of operation. 

I t  is  a r egene ra t ive  p a r t i a l  combustion p r o c e s s  of high t h e r m a l  efficiency, in  
which a mix tu re  of hydroca rbon  gas over  vapor  and a i r  is fed in  sequence through a 
r e g e n e r a t o r ,  a combustion chamber ,  and a second r egene ra to r .  The regenera tor  
t i les  a r e  of a spec ia l  des ign  allowing high sensible  hea t  r ecove r i e s .  
v e r s e d  a f t e r  suitable in t e rva l s  to maintain min imum discharge  t empera tu res .  At 
p r e s e n t ,  the Koppers -Hasche  p r o c e s s  is p r i m a r i l y  used fo r  par t ia l -combust ion  r e -  
forming  of feedstocks ranging  f r o m  propane  t o  l ight naphtha,  to  500-700 Btu/SCF 
gases  of high specif ic  g rav i ty  which a r e  used to sup  lement  o r  rep lace  gases  pro-  
duced by l e s s  economica l  manufac tur ing  p r o c e s s e s  PTable 14). 

I ' 

i ' 
' 

The flow is r e -  

When the p a r t i a l  combustion cycle is  used to  produce 1000 Btu/SCF gases ,  
the high n i t rogen  content and the large percentage  of unconverted Cs-plus hydro- 
carbons  r e su l t s  in  specif ic  gravi t ies  of over  one and,  consequently,  low burne r  heat 
inputs. However,  a f t e r  cold en r i chmen t  with propane to about 1200 Btu /SCF,  the sub- 
st i tutabil i ty for na tu ra l  gas  has  been found to  be .h igher  than that of propane-a i r  gases  
of equa l  heating value. 
expe r imen ta l  opera t ion  by pyro lys i s  in the p re sence  of var ious  amounts of s t e a m ,  
with a conventional h e a t - m a k e  cycle s i m i l a r  to that used in the cyclic high-Btu oil  
gas p rocess .  

I 

Low specif ic  gravi ty ,  high-Btu g a s e s  have been produced in t' 

GAS PROCESSING 
/ 

In a l l  of the catalyt ic  s t e a m  o r  s t e a m - a i r  gasification p r o c e s s e s ,  and i n  the 
pa r t i a l  combustion p r o c e s s e s ,  substant ia l  amounts of highly toxic carbon monoxide 
a r e  formed.  
normal ly  below 3 to  5 volume pe rcen t  in the send-out  g a s ,  by the well-known cata-  

I, 
The ca rbon  monoxide concentration c a n  be lowered to  acceptable levels ,  f ' 

j ,  lytic carbon monoxide s h i f t  react ion:  

CO t HZO zz CO, t Hz 
\ 

With the s tandard  s u l f u r - r e s i s t a n t  chromia-promoted  i ron oxide catalyst ,  this r eac -  
tion proceeds  a t  space  veloci t ies  of 300-1000 S C F / C F  ca t a lys t -h r  a t  t empera tu res  
of 700"  to 850°F.  
ve r s ion  i s  favored  by e x c e s s  s t e a m ,  and by the lowest p rac t i ca l  t empera tu re  that 
allows reasonable approach  to equilibrium. 

!I 

An e x c e s s  of s t e a m  is requi red  to main ta in  catalyst  activity. Con- ' 
P r e s s u r e  has no effect. 

I 
Many pe t ro leum gasification p r o c e s s e s  now incorpora te  this reaction a s  an 

in t eg ra l  p rocess  s t e p ,  p a r t i c u l a r l y  when the exi t  gas  f r o m  the gasification s t e p  is a t  
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the p r o p e r  tempera ture  and contains suff ic ient  unreacted s t e a m ,  o r  c a n  be adjusted 
to this condition by w a t e r  o r  s t e a m  injection. N o  p r i o r  s u l f u r  r e m o v a l  i s  normal ly  
required.  

The carbon dioxide f o r m e d  i n  carbon monoxide conversion,  o r  excess ive-  con-  
centrat ions of carbon dioxide p r e s e n t  a s  the r e s u l t  of the gasification reac t ion ,  m a y  
be removed by a , n u m b e r  of regenera t ive  s.crubbing p r o c e s s e s  - monoethanolamine, 
hot carbonate ,  Rect isol  and others .  T h e s e - p r o c e s s e s ,  a l s o  r,emove hydrogen sulf ide,  
a m a j o r  and highly undesirable  contaminant of all fuel  gases  manufactured f r o m  
sulfur-bear ing pe t ro leum feedstocks.  A m o r e  common method f o r  hydrogen sulf ide 
removal  is with fixed beds of a lkal ized i ron  oxide on a sui table  support .  
pr,ocess and var ious select ive scrubbing p r o c e s s e s  a r e  a l s o  available.  

A fluid-bed 

. .  

Organic  sulfur  - m e r c a p t a n s ,  disulf ides ,  carbonyl  sulf ide,  carbon disulf ide,  
thiophene, etc.  - is  normal ly  not removed except  when sp'ecial  catalyt ic  process ing  
with nickel  o r  other  Group VI11 m e t a l  ca ta lys t  is requi red .  
dioxide and hydrogen 'sulfide) scrubbing p r o c e s s e s  noted above remove  var ious  p r o - .  
port ions-of  the organic  sulfur  compounds,  and the i r o n  oxide p r o c e s s e s  m a y  a l s o  be ' 

used to oxidize mercaptans  to the m o r e  e a s i l y  removed corresponding disulfides.  
P a r t i a l  r e m o v a l  of many  of the organic  sulfur  compounds is a l s o  accomplished by o i l  
sc rubbing ,  pract iced to r e c o v e r  the a r o m a t i c  light oil  content ( p r i m a r i l y  benzene,  I 

toluene and the.xylenes)  f r o m  gases  produced in many of the pe t ro leum gasification 
p r o c e s s e s .  
q u i r e s  passage  through act ivated carbon,  per iodical ly  regenera ted  with superhea ted  
s t e a m  o r  hot gases .  

The acid gas  (carbon 

However,  essent ia l ly-comple te  r e m o v a l  of organic  su l fur  usua,lly r e -  

In addition to carbon monoxide conversion,  two types of catalytic process ing  
of manufactured gases  a r e  becoming of increased  in te res t .  
of g a s e s  containing l a r g e  proport ions of olefins and diolefins a s  wel l  a s  hydrogen. 
This  p r o c e s s  was f i r s t  proposed by the Insti tute of G a s  Technology to  improve  the 
subst i tutabi l i ty  of such gases  for  n a t u r a l  gas by increas ing  the i r  proport ion of p a r a f -  
fins by such react ions a s :  

One i s  autohydrogenation 

, . 

CZH4 t Hz Z C,H, 

C3H6 t H Z =  C3H8 . .  ' 

Thkse proceed readi ly  over  act ive Group VI11 m e t a l  c a t a l y s t s ,  such a s  nickel  on 
kieselguhr  suppor t ,  a t  300" to 500°F and a t  p r e s s u r e s  f r o m  a tmospher ic  on up. 
is  underway in F r a n c e  and Italy to  put this p r o c e s s  into c o m m e r c i a l  operation. 

Work 

A s i m i l a r  catalyt ic  p r o c e s s  i s  methanation of carbon monoxide and hydrogen., 
common consti tuents of s t e a m  reforming o r  cracking and p a r t i a l  combustion proc-  
e s s e s .  This  react ion,  

CO t 3Hz= CH4 t HZO 

procecds rapidly over  highly act ive nickel  ca ta lys t  a t  650" to 900°F and is  favored by 
p r e s s u r e .  Feed  gas su l fur  content m u s t  be reduced to 0.1 ppm o r  l e s s  to avoid rapid 
ca ta lys t  deactivation. Methanation has  been cons idered  act ively a s  a means  f o r . m a n -  
ufactur'ing town gases  and na tura l  subs t i tu tes  f r o m  low heating value gases  for many 
y e a r s ,  although largely with coa l  a s  the bas ic  raw m a t e r i a l .  
1951, the Surface Combustion Company repor ted  pilot  plant resu l t s  on  a naphtha 
s t c a m  cracking-methanat ion p r o c e s s ,  s i m i l a r  to the ones now being act ively consid-  
e r e d  in Europe.  

H o w e v e r , , a s  e a r l y  a s  

. t  
. .  

I 
. .  
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